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Abstract

Brain responses to low plasma glucose may be key to understanding the behaviors that prevent severe hypoglycemia in
type | diabetes. This study investigated the impact of long duration, hypoglycemia aware type | diabetes on cerebral
blood flow responses to hypoglycemia. Three-dimensional pseudo-continuous arterial spin labeling magnetic resonance
imaging was performed in |5 individuals with type | diabetes and 15 non-diabetic controls during a two-step hyper-
insulinemic glucose clamp. Symptom, hormone, global cerebral blood flow and regional cerebral blood flow responses to
hypoglycemia were measured. Epinephrine release during hypoglycemia was attenuated in type | diabetes, but symptom
score rose comparably in both groups. A rise in global cerebral blood flow did not differ between groups. Regional
cerebral blood flow increased in the thalamus and fell in the hippocampus and temporal cortex in both groups. Type |
diabetes demonstrated lesser anterior cingulate cortex activation; however, this difference did not survive correction for
multiple comparisons. Thalamic cerebral blood flow change correlated with autonomic symptoms, and anterior cingulate
cortex cerebral blood flow change correlated with epinephrine response across groups. The thalamus may thus be
involved in symptom responses to hypoglycemia, independent of epinephrine action, while anterior cingulate cortex
activation may be linked to counterregulation. Activation of these regions may have a role in hypoglycemia awareness and
avoidance of problematic hypoglycemia.

Keywords
Arterial spin labeling, cerebral blood flow, hypoglycemia, thalamus, type | diabetes

Received 19 November 2018; Revised 6 February 2019; Accepted 21 February 2019

Introduction

.I_Iyp(_)glycemla is a virtually inevitable .Slde-e.ﬂ‘ecj[ of 'Department of Diabetes, School of Life Course Sciences, King’s College
insulin therapy. In health, plasma glucose is maintained | ondon, London, UK

within narrow limits, ensuring that the majority of indi-  *King’s College Hospital, NHS Foundation Trust, London, UK

Viduals Wlthout diabetes remain hypoglycemia naive. 3Department of Neuroimaging, Institute of Psychiatry, PS)’ChOlOg)’ and
If plasma glucose concentrations start to fall, insulin L\‘e“msc'enc_e" King’s College London, London, UK _

. . . . School of Life Sciences, MRC-ARUK Centre of Excellence in
secretion s suppressed aI.ld glucag.on, .epl.nephrlne’ Musculoskeletal Ageing, Nottingham University Medical School, Queen’s
growth hormone and cortisol secretion is increased,  Medical Centre, Nottingham, UK
arresting further glucose decline.' > The brain plays a
central role in maintaining this homeostasis. Animal Corresponding author:
data have shown that the ventral medial hypothalamus Munachiso Nwokolo, Department of Diabetes, School of Life Course

Sciences, Faculty of Life Sciences & Medicine, King’s College London, 3rd
Contr.OIS counterregulatory hormone_ reliaése and .sup- Floor, Western Education Centre, 10 Cutcombe Road, London SE5 9R|,
pression, through local glucose sensing.” ° Functional gk

neuroimaging has allowed further exploration of the  Email: munachiso.nwokolo@kcl.ac.uk


http://orcid.org/0000-0001-7200-6004
http://orcid.org/0000-0001-5034-5507
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0271678X19842680
journals.sagepub.com/home/jcbfm

788

Journal of Cerebral Blood Flow & Metabolism 40(4)

brain regions involved in hypoglycemia and counterre-
gulation in man. Positron emission tomography (PET)
and magnetic resonance imaging (MRI) provide in vivo
techniques to examine changes in regional cerebral
blood flow (CBF), tissue perfusion and glucose metab-
olism as surrogate markers of brain activity. These
methods have shown that in healthy man, increased
perfusion of the hypothalamus occurs as plasma glu-
cose falls, within the euglycemic range and significantly
before the peripheral counterregulatory response.’ The
hypothalamus is part of a core network recruited to
detect and reverse glucopenia.”® In non-diabetic (ND)
adults, thalamic and cortical structures, such as the
anterior cingulate cortex (ACC), orbitofrontal cortex
(OFC), medial prefrontal cortex (MPFC), and dorso-
lateral prefrontal cortex (DLPFC), involved in arousal,
sensory relay, executive function, and feeding behavior,
have all been shown to be activated during hypogly-
cemia.® '? Deactivation has been reported in the tem-
poral lobes and hippocampus, regions involved in
memory and speech.”!'* However, the effects of hypo-
glycemia in individuals with long duration type 1 dia-
betes (T1D) and intact hypoglycemia awareness remain
unclear. Brain responses to hypoglycemia may under-
pin the behavioral and decision-making processes
involved in hypoglycemia detection and avoidance.
Despite a deficient glucagon and catecholamine coun-
terregulatory response,'> the majority of people with
T1D continue to be symptomatic of their hypoglycemia
and avoid frequent severe hypoglycemic episodes.'®
As part of ongoing research into mechanisms of hypo-
glycemia awareness, we designed this study to explore
the differences in brain responses to hypoglycemia
between hypoglycemia naive, ND individuals, and
hypoglycemia experienced, type 1 individuals, with
intact awareness of hypoglycemia. To do this reliably,
we used three-dimensional pseudo-continuous arterial
spin labeling (3D pCASL), a method that employs a
long (1.5-2 s) train of radiofrequency pulses in
tandem with background suppressed, rapid imaging
sequences to enhance the signal-to-noise ratio of CBF
measurements. This technique is designed to provide
improved sensitivity to perfusion and enhanced spatial
resolution in comparison to conventional continuous
and pulsed ASL methods, with no radiation exposure
Oor exogenous contrast.!”1®

Material and methods
Study participants

Thirty, right-handed, non-obese participants, aged 18-60
years, were recruited from diabetes clinics at King’s
College Hospital and via e-mail advertisement to students
and staff at King’s College London. Fifteen participants

had T1D with intact awareness of hypoglycemia (Gold
Score < 2),19 and 15 were ND controls. No participant in
either group had renal impairment (estimated glomerular
filtration rate >60 ml/min/1.73 m?), history or current evi-
dence of vascular disease, neurological conditions
expected to produce MRI changes, previous significant
head injury, a major psychological diagnosis, or any
contraindications to MRI. The protocol was approved
by the Dulwich Research Ethics Committee (National
Research Ethics Service, London, UK), in accordance
with the Declaration of Helsinki. Each participant gave
written informed consent.

Study protocol

Consenting eligible volunteers avoided alcohol, caffeine
and strenuous activity for 48 h prior to study. Participants
with TID were admitted to the National Institute for
Health Research and Wellcome Trust King’s Clinical
Research Facility the evening before their scan, after
their evening meal. Multiple daily injection participants
omitted their evening dose of basal insulin; those using
continuous subcutaneous insulin infusion remained on
their insulin pump until replaced with intravenous (IV)
insulin. A variable rate insulin infusion was used to main-
tain blood glucose between 90 and 144 mg/dL (5-8 mmol/
L) overnight with venous sampling every 30—60 min, to
avoid nocturnal hypoglycemia and ensure a fasting glu-
cose for the day of study between 90 and 144 mg/dL (5—
8 mmol/L). After 10 pm, participants were only permitted
water or preemptive hypoglycemia treatment if blood glu-
cose fell to 81 mg/dL (4.5 mmol/L) but otherwise did not
consume any food or drink until after the scan. The study
was rescheduled if blood glucose fell below 54 mg/dL
(3.0mmol/L).

In the morning, a hyperinsulinemic clamp was com-
menced in all participants to stabilize glucose concen-
trations for at least 60 min prior to allocated scanning
time. Target glucose was 90 mg/dL (5 mmol/L). A new,
primed IV insulin infusion (Actrapid; Novo-Nordisk,
UK) replaced the overnight insulin at a maintenance
rate of 1.5mU kg~' minute™! with a variable rate
20% glucose solution (Baxter, UK). An IV cannula
was inserted into a left dorsal hand vein. A heated
thermal pack with CE marking (Conformité
Européene; indicative of compliance with European
safety requirements), was applied to warm the hand,
enabling arterialized venous blood sampling.?%?'
Plasma glucose was measured every 5 min, using a glu-
cose oxidase analyzer (YSI 2300 STAT PLUS, Yellow
Springs Instruments, Yellow Springs, OH, USA).
Participants were placed on the scanner table in the
supine position and provided with earplugs and ear-
phones to reduce noise exposure. The head was stabi-
lized and participants were asked to remain as still as
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possible to avoid artefact. Within the scanner plasma
glucose was held at 90 mg/dL (5 mmol/L) for approxi-
mately 30 min, during which two 3D pCASL scans, ASL
1 and ASL 2 were acquired consecutively, each approxi-
mately 5 min duration. On completion of the euglycemic
phase, plasma glucose was lowered over a period of 15—
20 min. Once 47 mg/dL (2.6 mmol/L) was achieved and
maintained for approximately 20 min, ASL 3 and ASL 4
were acquired. After each 3D pCASL scan, blood sam-
ples were collected for counterregulatory hormone
measurements and participants reported autonomic
and neuroglycopenic symptoms on a seven-point
visual analogue scale, using a button box. Participants
rated the extent to which they experienced hypoglycemic
symptoms, where 1 =not at all and 7 =severely. Seven
symptoms were classified as autonomic (anxiety, pound-
ing heart, shaking, tingling, sweating, hunger, and
nausea) and four as neuroglycopenic (drowsiness, irrit-
ability, visual disturbance, and confusion).'***2?

Participants were blinded to their plasma glucose
throughout. After completion of the scanning protocol,
IV insulin was stopped and IV glucose and oral carbo-
hydrate used to restore normoglycemia promptly.
Following a meal, glucose was stabilized and partici-
pants were provided with support to avoid hypogly-
cemia for the next 48 h prior to discharge.

Biochemical analysis

Plasma glucose was measured throughout the study
with a glucose oxidase analyzer (YSI 2300 STAT
PLUS, Yellow Springs Instruments). Epinephrine and
norepinephrine were analyzed by high-performance
liquid chromatography with electrochemical detec-
tion.”* Automated immunoassay was used to analyze
cortisol (Siemens Centaur XPT), growth hormone, and
free insulin (Siemens Immulite 2000 XP1).

Statistical analysis of non-imaging data

Statistical analyses were performed using SPSS version 22
(IBM). Continuous demographic data were compared
using unpaired two-sample Student t-tests. The Chi-
squared test was used to compare categorical gender
data. Within-group symptom scores, mean glucose con-
centrations, and hormonal responses were analyzed using
paired two-sample Student t-tests. Unpaired Student
t-tests were used for between-group comparisons. Data
are presented as mean =4 SD unless otherwise stated.
A p value < 0.05 was considered statistically significant.

MRI parameters

MRI images were acquired using a 3 Tesla GE
Healthcare MR750 scanner (GE Medical Systems,

Milwaukee, WI, USA). Radiofrequency was trans-
mitted with the scanner body coil, while signal was
received with a 12-channel receive-only head coil.
After an initial localizer scan, high-resolution anatom-
ical images were acquired with an adapted 3D
T1-weighted magnetization-prepared rapid acquisition
with gradient echo sequence, with the following param-
eters: 1.2mm isotropic resolution, repetition time
7.312ms, echo time 3.0l ms, and inversion time
450 ms. CBF maps were acquired using a 3D pseudo-
continuous Arterial Spin Labeling pulse sequence (3D
pCASL), to determine changes in regional resting per-
fusion. The sequence used four non-selective radiofre-
quency pulses for background suppression; a labeling
time of 1.5s and a post labeling delay of 1.5s. Four
control-label pairs were collected. Following the post-
labeling delay, images were acquired using a 3D Fast-
Spin Echo Stack-of-spiral sequence, with an effective
resolution of 2x2x3mm. A proton density image
was also acquired in the same series, to enable the com-
putation of quantitative CBF maps.*’

Statistical analysis of neuroimaging data

CBF maps were analyzed using Statistical Parametric
Mapping (SPM Version 12, University College
London, London, UK). 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,
KCL).?® For each participant, two CBF maps obtained
at euglycemia (ASL 1 and ASL 2) and hypoglycemia
(ASL 3 and ASL 4) were averaged and smoothed
(smoothing kernel 8 mm full width at half maximum).
Global CBF change between euglycemia and hypogly-
cemia was measured from the mean of all gray-matter
voxels in the brain volume in both conditions.
Differences within and between groups (T1D and
ND) 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 those clusters
that remained statistically significant after family-wise
error (FWE) correction for multiple comparisons
(p <0.05) are reported. Clusters of significant change
were determined using the ‘“‘cluster-extent” criterion
(pFWE < 0.05) at an uncorrected voxel-wise cluster-
forming threshold of p <0.005. CBF maps from both
groups and both states (euglycemia and hypoglycemia)
were then analyzed using a 2 x 2 flexible factorial ana-
lysis of variance (ANOVA) model within SPM-12, to
assess the interaction of group and glycemic state
across the whole brain. Again, significance was defined
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as any result on the map which survived FWE correc-
tion on the basis of cluster extent (pFWE < 0.05) using
an uncorrected voxel-wise cluster-forming threshold of
p <0.005. To identify areas commonly recruited by
both groups in response to hypoglycemia, we per-
formed a conjunction analysis, wherein the null hypoth-
eses of no activation in both ND and T1D were jointly
rejected. Post hoc interaction and conjunction analyses
of four pre-specified regions of interest (ROIs)—the
thalamus, ACC, OFC, and hippocampus—were
performed using small volume correction to spatially
constrain multiple comparisons correction. Additional
Bonferroni correction for the number of ROIs was

Table I. Participant characteristics.
Controls TID
n=15 n=15 3}
Age, years 40.1 £11.7 39.1 £135 0.852
Gender 8 9 0.713
Female 7 6
Male
BMI, kg/m2 25.0+28 24.7 +4.0 0.838
HbAlc 52403 76+1.0 <0.001
% 33.8+29 59.7+11.2
mmol/mol
TID duration, years - 240+ 128 —
Gold score - 1.54+0.5 -

Continuous data are presented as mean £ SD and categorical data as n.
Gold score is a measure of hypoglycemia awareness whereby a score of |
or 2 denotes hypoglycemia awareness.'” SD: standard deviation; BMI:
body mass index; HbAIc: hemoglobin AlIC.

applied, giving a critical alpha of p <0.0125. These
regions were selected based on a review of literature
establishing key cerebral regions involved in the
response to hypoglycemia.® '%*7?® Regional masks
were created using the Wake Forest University School
of Medicine, (WFU) PickAtlas.”® 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. Correlation analyses were then used
to identify regional CBF associations with hormone
and symptom responses to hypoglycemia. CBF
change in the thalamus, ACC, OFC, and hippocampus
were correlated with mean increase in epinephrine and
symptom score (total, autonomic, and neuroglycope-
nic) across both groups, using SPSS version 22
(IBM). Global CBF was again used as a covariate.

Results
Participant characteristics

Fifteen participants with T1D and 15 ND control par-
ticipants, matched for age, gender, and body mass
index, were studied (Table 1). TID had long duration
diabetes (24.0+£12.8 years), HbAlc of 7.6+1.0%,
intact hypoglycemia awareness (Gold score 1.540.5).
Severe hypoglycemia (SH) rates were low in TID,
0.2 40.6 episodes per year.

Glucose and insulin concentrations

Plasma glucose targets were achieved with no signifi-
cant difference between the groups, p=0.69 (Figure 1).

120 4

100

Plasma Glucose mg/dL

20 -

0 T T T T T T T

@=Q==Control

=@u=T1D

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Time (minutes)

T T T T T T

Figure 1. Glucose concentrations (mg/dL) presented as mean =+ SD, during hyperinsulinemic euglycemic hypoglycemic clamp,
non-diabetic controls shown in open circles and T1D shown in closed circles. Between-group differences analyzed by unpaired Student

t-test, p=0.69. TID: type | diabetes.
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Mean glucose concentrations during the euglycemic
phase pCASL scan acquisition were not different
between groups 97 =8 mg/dL (5.4 +0.4mmol/L) and
96 + 6 mg/dL (5.4 4+0.4mmol/L), for ND and TID,
respectively (p=0.69). Corresponding concentrations
during the hypoglycemic phase pCASL scan acquisi-
tion were 48+4mg/dL (2.74+0.2mmol/L) and
47+2mg/dL (2.6 £0.1 mmol/L), also not different
between groups (p=0.21). Insulin concentrations
were comparable between groups throughout the
study (p =0.42).

Symptomatic and hormonal responses to
hypoglycemia

Symptom scores increased significantly in response to
hypoglycemia in both groups (Figure 2(a) to (¢), eugly-
cemia vs. hypoglycemia mean 4 SD: ND, total score
20.2+7.3 vs. 34.1£12.5 (p <0.001), autonomic score
12.3+£4.8 vs. 22.24+7.6 (p<0.001), neuroglycopenic
score 7.9+3.2 vs. 11.9+4.9 (p<0.002); TID, total
score 18.9+6.9 vs. 37.4+10.8 (p <0.001), autonomic
score 12.0+5.3 vs. 24.6 +8.0 (p <0.001), neuroglyco-
penic score 6.9+£2.9 vs. 12.8 £4.0 (p <0.001)). There
were no significant differences in these responses
between the two groups (A symptom score, hypogly-
cemia—euglycemia: ND vs. T1D total p=0.25, auto-
nomic p=0.35, neuroglycopenic p=0.19).
Epinephrine concentrations increased in response to
hypoglycemia in both groups (p < 0.005), but to a sig-
nificantly lesser extent in TID (Figure 2(d), ND vs.
T1D mean epinephrine concentration increase during
hypoglycemia; 3.0 +£2.2nmol/L vs. 1.2£0.9 nmol/L,
p=0.009). Cortisol concentrations increased in both
groups (p < 0.05) (Figure 2(e)), with a greater increase
in ND that did not reach significance (p=0.05).
Norepinephrine concentrations increased in ND
(p=0.02), with no significant increase seen in T1D
(p=0.20) and no significant differences between the
two groups’ responses (p=0.35) (Figure 2(f)). Growth
hormone increased significantly in both groups
(p <0.005) with no significant difference between the
ND and TI1D response to hypoglycemia (p=10.69)

(Figure 2(g)).

Global CBF response to hypoglycemia

In the euglycemic state (baseline), no significant differ-
ences in global CBF between TID and ND were
observed (TID: 41.89+9.3ml/100 g/min, ND:
45.77+£11.3ml/100 g/min, p=0.31). Global CBF
increased in response to hypoglycemia in T1D, while
a non-significant rise was seen in ND (TI1D:
6.8% +£9.2, p=0.01, ND: 55%=+11.2, p=0.07).
There was no significant difference between the two

groups’ global blood flow response to hypoglycemia
(p=0.8).

Regional CBF

Whole-brain voxel-wise within-group analyses. ND exhibited
a significant increase in CBF in the thalamus, right
OFC, and right DLPFC, with a decrease in the tem-
poral cortex and hippocampus bilaterally, in response
to hypoglycemia (Figure 3(a)). TID demonstrated a
significant increase in CBF in the thalamus, with a
decrease in the temporal cortex and left hippocampus
(Figure 3(b)).

Effect of diabetes: Between-group analyses. Whole-brain
analysis using a repeated measures ANOVA to assess
differences in response to hypoglycemia between ND
and T1D, showed no significant interaction.

Region of interest (ROI) analysis in pre-selected
regions (thalamus, ACC, OFC, and hippocampus)
demonstrated a significant glucose-state by group inter-
action, reflecting a greater increase of regional CBF
within the ACC of ND compared to TID (ACC ND
vs. T1D interaction p=0.037, cluster size 518 voxels,
peak voxel coordinates 2, 38, 0 (Table 2)); however, this
did not survive Bonferroni correction for the number of
ROIs (critical alpha of p <0.0125). No significant dif-
ferences were seen in the remaining predetermined
ROIs, the thalamus, OFC, or hippocampus.

Conjunction analyses: Between-group
commondlity. Conjunction analyses across the whole
brain demonstrated that the thalamus was commonly
recruited by ND and T1D during hypoglycemia (FWE
cluster-corrected p=0.028, cluster size 1875 voxels,
peak voxel coordinates 6, —12, 4).

Small-volume correction in four pre-defined regions
(ACC, thalamus, OFC, and hippocampus) confirmed a
common response (i.e., a significant conjunction) in
ND and T1D within the thalamus (p=0.002, cluster
size 1875 voxels, peak voxel coordinates 6, —12, 4;
Table 2) and additionally the OFC (p =0.009, cluster
size 1481 voxels, peak voxel coordinates 46, 40, —16;
Table 2). Both regions survived Bonferroni correction
for the number of ROI tests (critical alpha
pFWE < 0.0125). Common responses were not seen in
the ACC or hippocampus.

Correlation analyses. Using partial correlation across
groups, with change in global CBF as a covariate, a sig-
nificant correlation was observed between thalamic CBF
and autonomic symptom score (Figure 4(a); R =0.381,
p=0.041, degrees of freedom (df) =27) and ACC CBF
and epinephrine (Figure 4(b); R=0.391, p=10.036,
df =27). No other significant correlations were seen.
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Figure 2. Hypoglycemia-induced changes in (a) total symptom score, (b) autonomic symptom score, (c) neuroglycopenic symptom
score, (d) epinephrine, (e) cortisol, and (f) norepinephrine, (g) growth hormone, during euglycemic phase (mean values for ASL scan |
and ASL scan 2, open bars) and hypoglycemic phase (mean values for ASL 3 and 4, black bars). Mean values + SD are depicted,

*p < 0.05 and **p < 0.005 for euglycemia versus hypoglycemia, #p < 0.005 non-diabetic control versus T1D response to hypoglycemia
(A hypoglycemia—euglycemia). T1D: type | diabetes.
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Figure 3. Effect of hypoglycemia on cerebral blood flow, within-group analysis of (a) non-diabetic controls and (b) TID. Statistical
parametric maps projected onto brain images showing 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; clusters of significant change were determined
using the “cluster-extent” criterion (pFWE < 0.05) at an uncorrected voxel-wise cluster-forming threshold of p < 0.005. T1D: type |

diabetes.

Table 2. Characteristics of clusters identified by SPM-12 using small volume correction to spatially constrain multiple comparisons

correction in pre-defined regions.

Cluster Bonferroni
Analysis size X y z p critical o
Anterior cingulate Interaction 208 2 38 0 0.037 0.0125
ND >TID
Thalamus Conjunction 1325 6 —12 4 0.002* 0.0125
Orbitofrontal cortex Conjunction 522 46 40 -6 0.009* 0.0125

Interaction (ND response greater than T1D response) and conjunction analyses (common ND and TID response). Peak voxel coordinates (x, y, z)
given in Montreal Neurological Institute space. TID: type | diabetes; ND: non-diabetic; ROI: region of interest. *Significant p value after Bonferroni

correction for the number of ROI tests (critical alpha p <0.0125).

Discussion

We have shown that individuals with long duration
TID and intact hypoglycemia awareness have robust
symptom, global and thalamic responses to hypogly-
cemia despite diminished epinephrine responses. Most
individuals with T1D are able to subjectively detect
hypoglycemia (75%-80%)."%** We carefully selected
type 1 participants with preserved symptomatic aware-
ness of hypoglycemia to reflect the majority of the
population. The groups were otherwise well-matched,
and glucose targets were achieved demonstrating an
equivalent and effective hypoglycemia stimulus.

Symptom scores increased in response to hypoglycemia
similarly in TID and ND, and notably autonomic
symptoms were not reduced despite a significantly
weaker epinephrine rise in T1D. An impaired epineph-
rine response to hypoglycemia has been described in
individuals with a long history of T1D.'>3! Despite
an attenuated epinephrine response, our participants
were still able to generate a normal symptomatic
response to hypoglycemia. Although this dissociation
has been reported previously, such as in adrenalecto-
mized patients,’” and by Dagogo-Jack et al.** who
achieved symptom but not epinephrine response
restoration in adults with impaired awareness of
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Figure 4. (a) Correlation between mean thalamic CBF change and mean autonomic symptom score difference between euglycemia
and hypoglycemia across groups, GBF as covariate (*GBF corrected) R =0.381, p=0.041, degrees of freedom (df) =27. (b)
Correlation between mean ACC CBF change and mean epinephrine difference between euglycemia and hypoglycemia across groups,
GBF as covariate (*GBF corrected) R=10.391, p=0.036, df =27. Non-diabetic controls shown in open circles and TID shown in
closed circles. TID: type | diabetes; CBF: cerebral blood flow; GBF: global blood flow.

hypoglycemia (IAH) after hypoglycemia avoidance,
our present data demonstrate the neuro-anatomical
associations of these responses by showing a correl-
ation between thalamic activation and autonomic
symptoms and between ACC activation and epineph-
rine response. Differential changes in these regions may
have a role in the development of TAH.'"?7-3

Global CBF to the brain increased similarly in both
groups in response to hypoglycemia. Early xenon-clear-
ance studies reported an increase in global CBF in
ND participants®>*® and T1D* during hypoglycemia.

Notably, CBF was measured at mean plasma glucose
concentrations of 20-40mg/dL (1.1-2.2mmol/L),
much lower than described here. At mild hypoglycemia
of 65mg/dL (3.6mmol/L), Lubow et al.>’ and Segel
et al.®® found no difference in global CBF between
euglycemia and hypoglycemia in ND participants. At
moderate hypoglycemia, 50mg/dL (2.8 mmol/L),
Wiegers et al.>’” reported a trend toward an increase
of 5% (p=0.08) in seven type 1 participants with
good awareness of hypoglycemia and no change in
seven control participants (p=0.70). Our findings of
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a significant increase in global CBF in response to
hypoglycemia in T1D (p=0.01, n=15), and a non-sig-
nificant increase in our ND controls (p=0.07, n=15),
may reflect a larger sample size, compared to the
Wiegers study. In contrast, Teves et al. reported a fall
in CBF in the “cerebrum, brainstem, and cerebellum”
using water PET in nine ND controls at 54 mg/dL
(3.0mmol/L). There is no obvious reason why the dif-
ference in technique should contribute to this discrep-
ancy. The increase in global CBF seen at moderate
hypoglycemia in our study is similar to that observed
with hypoxia.*® As both states represent impaired sup-
plies for metabolism in the brain, we speculate that the
rise in global CBF may well be a compensatory
response to increase delivery of oxygen and glucose.
Our data do not support the view that differences in
global CBF responses are directly linked to epinephrine
release, as both groups had a similar rise in global CBF,
while epinephrine responses were different.

The key brain regions activated in response to hypo-
glycemia were the thalamus, OFC, and DLPFC, with
deactivation in the temporal cortex and hippocampus.
These findings are compatible with regional responses
described in ND adults by Teves et al.” and Arbelaez
et al.'? Fittingly, a fall in glucose triggers the redistri-
bution of blood flow to areas that govern arousal,
response to stressful stimuli, feeding behavior, and
memory. Our finding of a significant and similar
increase in thalamic blood flow during hypoglycemia
in both the ND group and type 1 participants is also
in keeping with previous studies.’'*?’ Traditionally,
the principal role of the thalamus has been the relay
of motor and sensory stimuli to frontal and other cor-
tical structures via neuronal networks.*” Later work
suggested thalamic amplification of cortical connectiv-
ity41 and involvement in arousal, attention, and con-
sciousness,*>*  key factors in  hypoglycemia
awareness. Our data suggest that the thalamus has a
key role in hypoglycemia responses. A correlation
between thalamic activation and epinephrine response
to hypoglycemia has been reported in ND individ-
uals.'™"" We did not see a significant correlation
between thalamic CBF and epinephrine in the ND
and T1D groups we tested; instead we found thalamic
activation correlated with autonomic symptom score.
This together with the suggestion that the thalamus
adapts incoming stimuli before transmission to the
cortex depending on behavioral condition, put forward
by Sherman et al.** leads us to speculate that the thal-
amus may be involved in the generation of an appro-
priate symptom response despite limited epinephrine.

Mangia et al.'' compared ND controls with TI1D
participants with IAH; however, their study did not
include type 1 participants with intact awareness of
hypoglycemia. Their IAH group had lesser thalamic

activation than their ND comparators, which is com-
patible with our hypothesis that preserved thalamic
activity may be related to the perception of symptoms
during a diminished epinephrine response. Arbelaez
et al.** found enhanced thalamic perfusion during
hypoglycemia in a ND model of IAH and suggested
an inhibitory role of the thalamus. Importantly, they
studied individuals exposed to a relatively brief interval
of hypoglycemia, rather than the recurrent hypogly-
cemia experienced over a prolonged time by type 1 indi-
viduals with IAH, which may explain the difference in
thalamic activity. Nonetheless their data provide fur-
ther evidence that the thalamus is involved in the symp-
tomatic response to hypoglycemia. Our data are similar
to those of Wiegers et al.,”” who compared a single ASL
scan at euglycemia and hypoglycemia, demonstrating
thalamic activation in their ND and type 1 participants
with intact hypoglycemia awareness. In both their
study and ours, no evidence of significant hypothalamic
activation was found. The hypothalamus has an
important role in glucose sensing®; however, it is a
small organ and its neuroimaging data are susceptible
to partial volume effects. This may explain why certain
studies describing thalamic activation have not
observed concurrent hypothalamic activation.”!"3
However, it is also possible that the hypothalamus,
with its known complement of glucose responsive neu-
rons, is more activated at the onset of hypoglycemia or
during a changing glucose concentration, than in late
established hypoglycemia. Page et al.” described an
increase in hypothalamic blood flow but in response
to a changing and much lesser degree of hypoglycemia
than in our study and did not report an associated thal-
amic response. Likewise, Musen et al.® identified an
increase in Blood Oxygen Level Dependent (BOLD)
signal within the hypothalamus using a different tech-
nique to that described herein, also during a lesser
degree of hypoglycemia. The ROIs we selected repre-
sented functional associations we are particularly inter-
ested in, namely sensory input and adaptation
(thalamus), autonomic function (ACC), behavior
(OFC), and memory (hippocampus) and have been
repeatedly shown to respond to hypoglycemia in stu-
dies with similar methodology to our own.”'"!?
Within our control group, we observed hypoglyce-
mia-induced activation of the OFC and DLPFC,
regions involved in executive function, decision-
making, feeding behavior, and reward pathways. The
OFC forms part of the orbital and medial prefrontal
network (OMPFC), believed to coordinate complex
cognitive, emotional, and volitional behaviours® with
extensive visceromotor connections with the thalamus
and limbic structures.*® The OMPFC and connecting
structures have also been implicated in integrating
sensory input and distributing cortical output to
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autonomic structures.” The DLPFC is thought to be
part of a similar network highly involved in the guid-
ance of behavior. Relative diversion of CBF to frontal
regions may contribute to an appropriate behavioral
response to hypoglycemia, such as food-seeking.
Hypoglycemia-induced frontal activation did not
reach significance when we performed the within-
group analysis in T1D; however, any frontal changes
in CBF may have been lost due to the strict statistical
threshold applied. Indeed, our conjunction ROI ana-
lysis quantitatively comparing the ND and TID
response to hypoglycemia showed that there was a
common response to hypoglycemia within the OFC,
suggesting that frontal structures, involved in feeding
behavior and reward, are recruited in the response to
hypoglycemia  in  individuals  with  diabetes.
Hypoglycemia-induced deactivation of the temporal
cortex and hippocampus was noted in both groups,
regions involved in processing of sensory input and
memory. This may explain the memory impairment
seen with acute hypoglycemia.*’

The between-group analysis comparing the two
groups’ responses to hypoglycemia across the whole
brain showed no significant differences, consistent
with similar symptom and global responses. This
voxel-wise whole-brain analysis was less sensitive at
detecting pre-specified regional changes in blood flow
due to correction for multiple comparisons and mul-
tiple thresholding. To address this, we performed an
ROI analysis to compare each group’s response to
hypoglycemia within a priori defined brain structures
and found a difference within the ACC. Although this
difference did not survive correction for multiple com-
parisons in our data, one other study reported reduced
ACC activation during hypoglycemia in TID (n=7)
when compared to ND controls (n=6) using BOLD
functional MRI during hypoglycemia; however, hypo-
glycemia awareness status was not reported.® The ACC
is thought to have a role in autonomic regulation and
interoception (internal awareness) and has been shown
to be activated during hypoglycemia in ND and type 1
individuals.” '%?® Our data showing a positive correl-
ation between ACC activation and epinephrine
response implies that the ACC may be particularly
linked to epinephrine secretion.

In conclusion, we have shown that individuals with
long duration T1D and preserved hypoglycemia aware-
ness have an increase in global and thalamic blood flow
during hypoglycemia. Their responses to this physio-
logical stressor are comparable to their ND counter-
parts despite prior hypoglycemia experience and
reduced epinephrine secretion. These individuals, with
24 years of diabetes and reasonable glycemic control,
have experienced multiple episodes of mild hypogly-
cemia over the years. This may explain the diminished

epinephrine response but importantly the symptom
response, vital to reducing the risk of SH, remained
intact. Even autonomic symptoms, traditionally
thought to be mediated via epinephrine, increased sig-
nificantly in response to hypoglycemia and were, in
fact, associated with thalamic activity. Overall, our
results suggest that symptomatic hypoglycemia aware-
ness and protective counterregulatory responses are
mediated via different, but linked pathways.
Autonomic symptoms may be linked to the thalamus
while the ACC may be involved in the counterregula-
tory epinephrine response. We hypothesize that the
hypoglycemia-driven increase in thalamic blood flow
seen in T1D is related to the perception and preserva-
tion of hypoglycemia-induced symptoms despite lim-
ited epinephrine and ACC response. These data
provide a potential mechanism by which individuals
with long duration diabetes preserve the subjective
symptomatic awareness that protects them from SH.
Further study of these brain regions with a specific
focus on awareness status would provide a better
understanding of the brain responses in individuals
with problematic hypoglycemia.
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