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Abstract

Behavioural responses to hypoglycaemia require coordinated recruitment of broadly distributed networks of interacting
brain regions. We investigated hypoglycaemia-related changes in brain connectivity in people without diabetes (ND) and
with type | diabetes with normal (NAH) or impaired (IAH) hypoglycaemia awareness. Two-step hyperinsulinaemic
hypoglycaemic clamps were performed in 14 ND, 15 NAH and 22 IAH participants. BOLD timeseries were acquired
at euglycaemia (5.0 mmol/L) and hypoglycaemia (2.6 mmol/L), with symptom and counter-regulatory hormone measure-
ments. We investigated hypoglycaemia-related connectivity changes using established seed regions for the default mode
(DMN), salience (SN) and central executive (CEN) networks and regions whose activity is modulated by hypoglycaemia:
the thalamus and right inferior frontal gyrus (RIFG). Hypoglycaemia-induced changes in the DMN, SN and CEN were
evident in NAH (all p < 0.05), with no changes in ND or IAH. However, in IAH there was a reduction in connectivity
between regions within the RIFG (p =0.001), not evident in the ND or NAH groups. We conclude that hypoglycaemia
induces coordinated recruitment of the DMN and SN in diabetes with preserved hypoglycaemia awareness which is
absent in IAH and ND. Changes in connectivity in the RIFG, a region associated with attentional modulation, may be key
in impaired hypoglycaemia awareness.

Keywords
Hypoglycaemia, neuroimaging, resting state networks, impaired awareness of hypoglycaemia, type | diabetes

Received 6 May 2021; Revised 30 November 2021; Accepted 30 November 2021

Introduction . .
neuroglycopenia before appreciable symptoms are

detected and acted upon.® Qualitative studies have
identified key thought processes in people with IAH

Impaired awareness of hypoglycaemia (IAH), the
inability to detect symptoms of hypoglycaemia,

remains the largest risk factor for development of
severe hypoglycaemia (SH) in diabetes treatments.'-
In type 1 diabetes (T1D), IAH is associated with a
6-fold increase in SH and is reported by up to 33%
of people.>*

Responses to insulin-induced hypoglycaemia are
complex. In addition to their metabolic effects,
counter-regulatory neuro-endocrine responses provide
sensations, such as tremors or sweating, that people
perceive as hypoglycaemia.’ Behavioural responses to
these sensations, including prompt ingestion of carbo-
hydrate, are critical protection from severe hypoglycae-
mia, particularly in insulin treated diabetes.

In TAH, there is a well-described loss of counter-
regulatory response resulting in the onset of

that can prevent the avoidance or prompt treatment
of hypoglycaemia and increase the risk of further
hypoglycaemia.” Some of these unhelpful thoughts
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(e.g. “I can function OK with low (below 3 mmol/L)
blood glucose™) may predispose to delayed® or absent
self-treatment of hypoglycaemia and prevent recovery
from TAH. Other thoughts (e.g. wanting to “get on
with life”) involve the minimisation of symptoms. In
a cohort study, people with recurrent SH were more
likely to express beliefs such as lack of concern about
asymptomatic hypoglycaemia or fear of hyperglycae-
mia.” These observations raise the possibility that in
some people, IAH does not occur simply as a result
of loss of counter-regulatory responses but occurs
and is maintained by maladaptive cognitive responses
surrounding hypoglycaemia. In support of this, we
have previously described alterations in blood flow of
regions involved in aversion, salience detection, recall
and drive to eat in neuroimaging studies during hypo-
glycaemia in people with IAH, compared to people
with preserved awareness of hypoglycaemia.'® In this
work, we address the question of how these crucial
brain regions are functionally connected and how
they interact during the hypoglycaemic stimulus.

The present analysis was designed to investigate
changes in connectivity between specific resting state
networks during early hypoglycaemia. Resting state
networks are groups of spatially distinct brain regions
that activate and deactivate contemporaneously indi-
cating sharing of information and therefore functional
connectivity.'! We first investigated the change in con-
nectivity of well-established resting state networks that
we expected to be involved in the response to hypogly-
caemia: the default mode network (DMN), salience
network (SN) and central executive network (CEN).
These networks have been shown to interact when
switching from rest to engaging in complex activity,
with the SN activity associated with transitioning
between rest and cognitive functioning due to behav-
iourally significant internal or external stimuli.'>'?

We then sought to explore the connectivity of the
thalamus'®™'*2% and right inferior frontal gyrus
(RIFG),?! two brain regions which have been shown
to be activated during hypoglycaemia. The thalamus
has a role in processing of sensory data and relaying
to other parts of the brain.'®'*2° The RIFG, has been
shown to be more active during hypoglycaemia in IAH
2I'and is known to modulate attention towards salient
sensory stimuli.?***

Materials and methods

Study participants

This analysis was performed on neuroimaging data
obtained in people without diabetes (ND), in people
with T1D and normal awareness of hypoglycaemia
(NAH) and also at baseline from participants with

TID and IAH in two intervention studies
(HypoAware and HARPdoc) conducted at King’s
College London using the same imaging protocol.
HypoAware was designed to understand differences
in regional cerebral blood flow in response to experi-
mental hypoglycaemia between ND and participants
with NAH or TAH, defined as a gold score of >4.
This study went on to evaluate the impact of restora-
tion of awareness with diabetes technology (Medtronic
640 G with predictive low glucose management system)
and frequent contact on these neuroimaging changes.
The cerebral blood flow data from HypoAware have
been published.'”*® HARPdoc is a randomised con-
trolled trial of a novel psychoeducational course with
cognitive behavioural and motivational strategies tar-
geting unhelpful thoughts surrounding hypoglycaemia
whose participants were also invited for neuroimaging
studies at baseline. In both studies, inclusion criteria
included age 18-75years and absence of history consis-
tent with neurological disease or injury that would be
expected to produce changes on MRI, diagnosis of psy-
chological or psychiatric disorder, impaired renal func-
tion (estimated glomerular filtration rate >30 ml/min/
1.73m?) or contraindications to MRI. Those with dia-
betes were assessed for hypoglycaemia awareness status
at the recruitment visit using the Gold score, a seven-
part Likert scale in which participants rank their
awareness of hypoglycaemic events from 1 (I am
always aware) to 7 (I am never aware).”” IAH was
diagnosed with Gold score >4, those with Gold score
<3 were designated NAH.?® Throughout recruitment,
age, sex and diabetes duration were monitored to
achieve groups matched for these characteristics. In
this post-hoc analysis, all participants in either study
with complete data sets were included and their pre-
intervention neuroimaging data analysed. The research
was approved by the Dulwich (HypoAware; 13/LO/
1821) and Surrey (HARPscan, 18/LO/1464) Research
Ethics Committees (National Research Ethics Service,
London, UK) in accordance with the Declaration of
Helsinki. Each participant gave written informed con-
sent. Perfusion data from HypoAware have been
published.'*°

Protocol

The neuroimaging protocol has been described.'** In
brief, those with T1D stayed overnight in the National
Institute for Health Research and Wellcome Trust
King’s Clinical Research Facility following their eve-
ning meal on the day before the study. Basal insulins or
continuous subcutaneous insulin infusions were
replaced with variable rate intravenous (IV) insulin
(Actrapid; Novo-Nordisk, UK) overnight to maintain
glucose between 5-9 mmol/L without hypoglycaemia.
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Participants fasted from 10 pm, allowing oral glucose if
venous glucose fell below 4.5 mmol/L.

The following morning, a hyperinsulinaemic glucose
clamp was initiated with a primed 1.5mUkg ' min~"
IV insulin infusion and plasma glucose stabilised at
Smmol/l by varying the rate of a 20% wt/vol glucose
infusion (Baxter, UK) 30 minutes before transfer to
the MRI room. Plasma glucose was sampled every
5 minutes through an IV cannula placed in a dorsal
hand vein and arterialisation was achieved using a
heated gel pad applied around the arm.'>°

Participants were placed in the supine position and
wore earplugs and earphones to reduce perception of
noise. Movement artefact was minimised using padding
inside the scanner receiver head coil and by asking the
participants to remain still. Glucose was clamped at
5.0mmol/L for approximately 30 minutes during
which localisation sequences and resting Blood
Oxygen Level Dependent (BOLD) fMRI timeseries
were acquired to permit the study of resting state net-
work connectivity. Following euglycaemic imaging,
plasma glucose was lowered over 15-20 mins to
2.6 mmol/L. A further resting-state BOLD fMRI times-
eries was acquired once hypoglycaemia was achieved.
During the same study visit, participants underwent six
arterial spin labelling sequences which have been
reported separately.'”?® A schematic of the imaging
timings is available online (Supplementary Figure 1).
Immediately before each BOLD timeseries, blood was
drawn for measurement of counterregulatory hor-
mones and participants completed an autonomic (anx-
iety, pounding heart, shaking, tingling, sweating,
hunger and nausea) and neuroglycopenic (drowsiness,
irritability, visual disturbance and confusion) symptom
questionnaire on a 7-point visual analogue Likert scale,
using a button box. We classified adrenergic symptoms
as anxiety, pounding heart and shaking.’ Participants
were blinded to their glucose.

Following completion of the scanning protocol, IV
insulin was stopped, and IV glucose infused until the
measured blood glucose was >7 mmol/L. Participants
were given a meal and supported until discharge,
whereupon they were given emergency contact details
and advice to minimise risk of hypoglycaemia for
48 hours.

Biochemical analysis

Arterialised venous plasma glucose was sampled at
S-minute intervals and measured with a glucose oxidase
analyser (YSI 2300 STAT PLUS, Yellow Springs
Instruments). Adrenaline was analysed by high-
performance liquid chromatography with electrochem-
ical detection.?’

Biochemical statistical analysis

Statistical analysis was conducted using jamovi (ver-
sion 1.0; www.jamovi.org). Demographic data were
compared between group using one-way ANOVA or
independent samples t-tests for data relevant only to
the diabetes groups following assessment of normality
using the Shapiro-Wilk test. Within group symptom
scores, mean glucose and counterregulatory hormone
responses were analysed using paired t-tests and one-
way ANOVA following assessment for normality using
the Shapiro-Wilk test. The Games-Howell post hoc test
was implemented for non-parametric data. A threshold
of p < 0.05 was taken to assume statistical significance.
Data are presented as mean + standard deviation.

MRI parameters

MRI images were acquired using a 3 Tesla GE Healthcare
MR750 scanner (GE Medical Systems, Milwaukee, WI,
USA). After an initial localiser scan and T1-weighted
image for registration, a six-minute BOLD timeseries
were acquired with the following parameters: 180 func-
tional volumes using gradient-recalled FEcho Planar
Imaging, repetition time 2000ms, ECHO time 30ms,
flip angle 75°, 39 axial slices and a 64 x 64 acquisition
matrix and an isotropic 3.3 mm voxel size.

T1-weighted structural imaging wused a 3D
Magnetisation Prepared Rapid Acquisition Gradient
Recalled ECHO (MP-RAGE) with the following acqui-
sition parameters: slice thickness 1.2mm, 196 slices, TR
7.312ms, TE 3.016 ms, inversion time 400 ms, flip angle
11°, matrix size 256 x 256 and a field of view 27 cm.

Pre-processing

Pre-processing was carried out in the CONN toolbox.?®
The images were motion- and slice time-corrected prior
to normalisation via unified segmentation of the T1-
weighted image. The resulting images were spatially
smoothed with an 8 mm Gaussian kernel. Data denois-
ing was carried out in CONN by means of their
CompCor procedure. To minimise the potential contri-
bution of head motion to the observed connectivity, we
identified outlier scans as either those with >3 sd from
the mean global BOLD signal or those where volume-
to-volume head movements (i.e. framewise displace-
ment) was >0.5mm. Scan nulling regressors were
combined with the original 12 realignment parameter
regressors and these were regressed out of the data. The
resultant residual time-courses were band pass filtered
to retain frequencies between 0.009 to 0.08 Hz for
denoising. Furthermore, we excluded the data of par-
ticipants with a mean framewise displacement of great-
er than 0.5mm over that run.
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Neuroimaging data analysis

Participants were pseudonymised with a study ID
which was used throughout the neuroimaging analyses.
The BOLD neuroimaging data analysis was completed
using the Conn toolbox.”® For each individual, we cre-
ated a Fisher-transformed, seed-to-voxel bivariate
Pearson’s correlation map based on the seced ROI’s
BOLD time-courses. Pre-specified seed regions included
in the seed-to-voxel analyses were conducted with seed
regions defined using 20% probabilistic threshold using
the Brainnetome atlas: the posterior cingulate cortex
(PCC; core node of the DMN), anterior agranular
insula (core node of the salience network), Brodman’s
areas 9 and 46 (dIPFC; core node of the central executive
network) and thalamus. Based on a previous publication,
we were also interested in studying the connectivity of a
region in the vicinity of the RIFG and consequently for
this seed only we used a 10 mm sphere based on pub-
lished MNI co-ordinates [36, 32, —13].%!

Our primary objective was to identify between group
differences in the effect of hypoglycaemia induction.
Between group comparisons were performed twice (ND
vs NAH or NAH vs IAH) for each network using a 2 x 2
mixed group by condition (euglycemia vs hypoglycae-
mia) ANOVA interaction design. This was preferred to
a single 2 x 3 design as the comparison between ND and
IAH was not considered useful for interpretation.
Between group comparisons are represented graphically.
The figure beta scores reflect group estimates of correla-
tion in the activity timeseries for the seed region and the
observed cluster. In line with many studies in the field we
went on to investigate within group comparisons using
paired t-tests as a secondary objective, '#16:18:20.21.29

To enhance power to detect important between
group differences we performed region of interest
(ROI) analyses for the core components of our net-
works of interest using probabilistic masks generated
in  FSLeyes (https://git.fmrib.ox.ac.uk/fsl/fsleyes/
fsleyes/) (Supplemental Table 1). Each of the networks
was defined a priori. Results were considered signifi-
cant if the clusters survived familywise error correction

Table I. Participant characteristics.

(PFWE-Corrected <0.05) based on cluster-extent, with the
default cluster-forming voxel threshold of p < 0.001.

Regression analyses

Regression analyses were performed in SPM12 (www.
fil.ion.ucl.ac.uk/spm/software/spm12). We constructed
multiple regression models with differences between the
hypoglycaemic and euglycaemic contrast maps as the
dependent variable and the change in adrenergic symp-
tom score as the explanatory variables. Given that this
was a post-hoc exploratory analysis we have imple-
mented an additional Bonferroni multiple comparisons
correction for the regression analyses. With 5 ROIs we
considered a result significant if and only if the associ-
ated p-value was below a critical o of p < 0.01.

Results

Participant characteristics

Fifty-two individuals were considered for this analysis
(15 ND, 15 TID NAH, 22 T1D IAH), however one
ND individual was excluded due to loss of the hypo-
glycaemic BOLD data. No participants were excluded
for excessive movement with the group mean framewise
displacement being 0.24 £0.13 mm. We therefore ana-
lysed data from 51 individuals, 14 ND, 15 T1D NAH
and 22 T1D TAH (Table 1). The three groups were well
matched for age, body mass index and sex distribution.
The groups of participants with diabetes were well
matched for HbAlc and diabetes duration, which was
long, with no significant difference between the groups.

Plasma glucose results

Mean plasma glucose levels for the euglycaemic and
hypoglycaemic timepoints were 5.16+0.58 mmol/L
(92.94+10.5mg/dL) and 2.67+0.58 mmol/L. (48.1+
10.5mg/dL) respectively (Figure 1(a)). There were no
differences in measured glucose level between the
groups at each timepoint (one-way ANOVA, euglycae-
mia p=0.74, hypoglycaemia p =0.46).

ND (n= 14) NAH (n=15) IAH (n=22) p-value
Age (y) 40.1+11.7 39.1£13.5 392111 0.989"
Sex (n female) 8 9 13 0.8591
BMI (kg/m?) 25.0+2.8 24.7+4.0 24.6+4.6 0.774%
HbA ¢ (mmol/mol) - 59.74+11.2 61.6+108 0.276*
TID duration (y) - 2404128 222472 0.346*
Gold score - 1.5+0.5 58+ 1.3 <0.001*
*t-test.

+ANOVA.
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Figure |. Biochemical and symptom responses during the clamp studies. People without diabetes are in green, people with T1D and
NAH in orange and people with TID and IAH in purple. a — Plasma glucose concentrations during the clamp studies presented as
mean = SD. Time from initiation of MRI sequences is on the x axis. b — A boxplot of adrenergic symptom responses immediately

before the euglycaemic and hypoglycaemic resting state network scans. Error bars indicate the 95% confidence interval. c — A boxplot
ofdrenaline concentrations measured immediately before the euglycaemic and hypoglycaemic resting state network scans. Error bars

indicate the 95% confidence interval.

Hormonal and symptomatic responses

Adrenaline concentrations rose significantly from base-
line in all three groups (Figure 1(b)): absolute values
were ND 0.16+0.09 nmol/L vs. 2.224+2.03 nmol/L
(p<0.001), NAH 0.19+£0.12nmol/L vs. 1.01+
0.79 nmol/L (p<0.001), and TAH 0.17 £0.10 nmol/L
vs. 0.43+0.28 nmol/L (p <0.001). The magnitude of
response was different between all groups (one-way
ANOVA, cuglycaemia p=0.74, hypoglycacmia
p <0.005), with the greatest response being in ND,
and the smallest in IAH (Games-Howell post-hoc test).

Adrenergic symptom scores (Figure 1(c)) rose with
hypoglycaemia as expected in ND (+0.77+0.34,
paired t-test p<0.05) and NAH (+1.36+0.39,

p <0.005) but not in IAH (—0.154+0.19, p=0.278).
In a one-way ANOVA with Games-Howell post-hoc
test there were significant differences in hypoglycaemia
induced adrenergic symptom difference between NAH
and TAH (p=0.005) but not between NAH and ND
(p=0.509). There was no difference in hypoglycaemia-
induced visual disturbance reported in each of the
3 groups (one-way ANOVA p=0.186).

Functional connectivity data (hypothesis led network
analysis at baseline — ND group at euglycaemia)
In line with our hypothesis and given that the thalamic

and RIFG seeds have not been studied previously, we
present the baseline resting state networks associated
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with each of these seeds as context for the subsequent
analyses.

In the ND group the thalamic seed was functionally
connected at euglycaemia with a large region encom-
passing the right and left thalamus, large portions of
the putamen and caudate nuclei as well as parts of the
insular and opercular cortices (Supplemental Fig 2).
Additionally, thalamic activity was negatively correlat-
ed with the inferior and middle temporal gyri bilater-
ally, the left occipital fusiform gyrus and the right
frontal pole. There were no between-group differences
in the thalamic network at euglycacmia.

In the ND group at euglycaemia the right inferior
frontal gyrus seed was functionally connected with
large areas of the frontal cortex bilaterally, including
the frontal pole, frontal orbital cortex, superior frontal
gyrus and frontal insula, as well as the left cerebellum
and middle temporal gyrus (Supplemental Fig 3). The
RIFG activity timecourse was negatively correlated
with those of the precuneus, left post-central gyrus
and right lingual gyrus. There were no between-group
differences in the right inferior frontal gyrus network at
euglycaemia.

Functional connectivity data (between-group
comparisons of hypoglycaemia-induced
connectivity changes)

Default mode network (using PCC as seed). ND had a sig-
nificantly different change in connectivity within the

components of the DMN compared with the NAH
group during hypoglycaemia using small volume cor-
rection (cluster size=24, ppwep=0.032, MNI,,,
[54,—54,48], Figure 2). In this hypothesis-led ROI anal-
ysis, the PCC seed showed increased positive correla-
tion with the right angular gyrus in the ND group at
hypoglycaemia whilst the NAH group had a higher
baseline connectivity which reduced at hypoglycaemia.
In exploratory whole brain analyses, there were no
between group differences in hypoglycaemia-related
to the modulation of PCC connectivity.

There were no differences in the NAH vs IAH 2 x 2
ANOVA in any of our ROIs or exploratory whole
brain analyses.

Thalamic network

There were no differences in the ND vs NAH 2 x 2
ANOVA in any of our ROIs or exploratory whole
brain analyses.

In the 2 x 2 ANOVA analyses of the thalamic net-
work in NAH and TAH, the NAH group demonstrated
a reduction in thalamic functional connectivity with a
cluster in the right angular gyrus at hypoglycaemia.
This was not seen in IAH, and the between group inter-
action was significant when using small volume
correction (cluster size =33, ppwg=0.019, MNI,,,
[64, —56, 16], Figure 3). There were no significant dif-
ferences in the other ROIs or corresponding explorato-
ry whole brain analysis.

(b)
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— 1
- I 1 I
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Q
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g =3 IAH
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i R4 - > 2>
§ & -r?'@ & e? 'c?& &
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<& & i Al Q°
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Figure 2. Between group differences in connectivity of the PCC seed. a — The between group effect of hypoglycaemia induction
projected on a representative T |-weight brain image. The 2 x 2 repeated measures ANOVA using the PCC seed with ND > NAH and
hypoglycaemia > euglycaemia. The right angular gyrus displays significantly greater increase in connectivity with the PCC in ND
compared to the NAH group. Cluster forming threshold p < 0.001, pgywe < 0.05. b — Beta-scores representing group estimates of
correlation in BOLD signal between the PCC seed and the right angular gyrus in all groups. There is a reduction in connectivity in the
NAH group not seen in the other groups which is significantly different from the change in ND.
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Figure 3. Between group differences in connectivity of the thalamic seed. a — The between group effect of hypoglycaemia induction
projected on a representative T | -weight brain image. The 2 x 2 repeated measures ANOVA using the thalamic seed with IAH > NAH
and hypoglycaemia > euglycaemia. The right angular gyrus displays significantly greater increase in connectivity with the thalamus in
the IAH group compared to the NAH group. Cluster forming threshold p < 0.001, ppwe < 0.05. b — Beta scores representing group
estimates of correlation in BOLD signal between the thalamus seed and the right angular gyrus in all groups. There is an increase in
connectivity seen in IAH at hypoglycaemia that is not seen in the other groups and is significantly different from the NAH group.

Other networks

There were no significant differences in connectivity
due to hypoglycaemia between any of the groups in
the salience, central executive or RIFG analyses on
either the ROI or whole brain analyses.

Functional connectivity data (within-group
comparisons of hypoglycaemia-induced connectivity
changes))

Default mode network (using PCC as seed). In the within-
group analyses the ND group had no significant
hypoglycaemia-related changes in functional connec-
tivity of the DMN.

In contrast the NAH group showed a significant
hypoglycaemia induced reduction in functional connec-
tivity between the DMN seed a region in the post cen-
tral gyrus (cluster size =404, clusterwise ppwg < 0.001,
MNI,,, [-28, —28, 66]) and an increase in functional
connectivity between the DMN seed and the right fron-
tal pole (cluster size =156, clusterwise ppye <0.05,
MNI,y, [50, 42, —08]) (Table 2).

There were no significant within-group functional
connectivity changes of the DMN in IAH.

Salience network (using right insula
cortex seed)

In the within-group analyses the ND group had no
significant hypoglycaemia-related changes in function-
al connectivity of the SN.

In the NAH group, at hypoglycaemia the SN seed
showed increased connectivity with a cluster centred
over the central opercular cortex (cluster size = 241, clus-
terwise prwe = 0.005, MNI,,, [64, 2, —4]) (Table 2).

There were no significant within-group functional
connectivity changes of the SN due to hypoglycaecmia
in IAH.

Central executive network (using
dorsolateral pre-frontal cortex seed)
There were no significant within-group functional con-

nectivity changes of the CEN due to hypoglycaemia in
any group.

Thalamus

In the ND group the thalamus was more strongly cou-
pled with a region in the right frontal pole and middle
frontal gyrus at hypoglycaemia (cluster size=253,
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Table 2. Regions with significantly altered connectivity at hypoglycaemia in the within group analyses. Increased reflects increased
connectivity between the seed and region at hypoglycaemia and reduced indicates a reduction in connectivity at hypoglycaemia.

Direction of  Significance
Seed Group Size Location change (cluster pFWE) MNIxyz Co-ordinates
DMN ND - - - - -
NAH 404 Postcentral gyrus Reduced <0.001 —-28 -28 +66
156 Right frontal pole Increased <0.05 +50 +42 —08
IAH - - - - -
SN ND - - - - -
NAH 24| Central operculum Increased 0.005 +62 +2 —4
IAH - - - - -
CEN ND - - - - - - -
NAH - - - - - - -
IAH - - - - -
Thalamus ND 253 R Frontal pole Increased 0.006 +35 +24 +56
176 Precuneus Increased <0.05 +12 —44 +46
NAH - - - - -
IAH 184  Precuneus Reduced <0.05 —6 —62 +52
248 Lateral occipital cortex  Increased <0.05 —36 —74 -8
Right inferior ND - - - - -
frontal gyrus NAH - - - - -
IAH 346 R Inferior frontal gyrus Reduced 0.0020 +50 +20 +4

clusterwise ppwg < 0.005, MNI,,, [30, 42, 40]) and a
decrease in functional connectivity with a region in
the precuneus (cluster size= 176, clusterwise pfwe
<0.05, MNIxyz [12, —44, 46]) (table 2).

In the within-group analyses, in the NAH group
there were no significant changes in functional connec-
tivity of the thalamus due to hypoglycaemia.

In the IAH group there was an increase in functional
connectivity with the lateral occipital cortex (cluster
size =248, clusterwise prwg<0.05, MNIy,, [-36,
—74, —8]) and a decrease in functional connectivity
with a cluster in the precuncus (cluster size = 184, clus-
terwise ppwe < 0.05, MNIyy, [-6, —62, 52]) (Table 2).

Right inferior frontal gyrus. There were no significant
within group functional connectivity changes of inferi-
or frontal gyrus connectivity due to hypoglycaemia in
either ND or NAH.

In IAH there was reduced functional connectivity
with a separate region within the RIFG (cluster
size = 346, clusterwise ppwg = 0.002, MNI,,, [50, 20, 4])
(Table 2).

Connectivity and symptom regression analyses

To explore the relationship between resting state net-
work connectivity and symptoms of hypoglycaemia we
performed a post-hoc regression analysis.

Default mode network

There were no correlations between symptoms and
DMN connectivity in the ND group.

In the NAH group there was a significant negative
correlation between adrenergic symptoms and change
in connectivity with the postcentral gyrus on a
whole brain analysis (cluster size =353, clusterwise
prwe < 0.001, MNI,,, [10, —34, 76]). There was also
a positive correlation between adrenergic symptoms
and increased connectivity with the right anterior
insula wusing a small volume correction (cluster
size =26, ppwe < 0.01, MNI,,, [30, 28, 2]) but not on
whole brain analysis.

There were no correlations between symptoms and
DMN connectivity in the IAH groups.

Salience and Central executive networks

There were no significant correlations between in
change in functional connectivity and adrenergic symp-
toms in any group in the SN or CEN.

Thalamus

In NAH there was a positive correlation between adre-
nergic symptoms and functional connectivity change at
hypoglycaemia between the thalamus and left frontal
pole (cluster size =148, clusterwise pgpwg <0.05,
MNIly,, —22, 56, 28). This did not survive Bonferroni
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correction for multiple ROIs. There was no correlation
between symptoms and thalamic connectivity in the
ND or IAH groups.

Right inferior frontal gyrus

There were no significant correlations between in
change in RIFG functional connectivity with adrener-
gic symptoms in any group.

Discussion

In this study, we have investigated the impact of type 1
diabetes (T1D) and hypoglycaemia awareness status on
connectivity between key brain regions known to be
affected during hypoglycaemia. Studies focussing on
regional cerebral blood flow responses to hypoglycae-
mia are increasingly described.!®!4212733 The thala-
mus, anterior cingulate cortex, right insular cortex,
medial prefrontal cortex and the orbitofrontal cortex
have been identified in many of these. There have been
fewer studies investigating the impact of diabetes and
hypoglycaemia awareness status on the way these
different brain areas interact with each other during
hypoglycaemia. In the present work, we find that hypo-
glycaemia does alter such functional connectivity in
several established brain networks and that loss of
awareness of hypoglycaemia alters the connectivity in
the right inferior frontal gyrus.

A recent study has shown important differences in
the DMN connectivity response in people with diabetes
and normal awareness of hypoglycaemia that is lost in
impaired awareness.>* The DMN has been widely stud-
ied and is known to be disrupted in numerous disease
states.” The impact of awareness status on the effect of
hypoglycaemia induction in resting state networks,
other than the DMN, has not been explored in previ-
ous connectivity studies.

Our main focus was the impact of hypoglycaecmia
awareness status on brain connectivity responses
during hypoglycaemia in people with TID. In the
NAH group, we observed strong symptomatic
responses at the time of hypoglycaemia. This was
expected and confirmed the clinical diagnosis of
normal hypoglycaemia awareness. It is of interest that
the symptom responses were strong in this group
despite lower adrenaline responses compared to the
ND group and may represent an adaptive response to
heighten symptomatic appreciation in NAH following
historical experience that is subsequently lost in IAH.

We observed changes in connectivity due to hypo-
glycaemia in two of our networks of interest
which survived between-group comparison. In our

investigations of the effect of diabetes, we observed
that the PCC and right angular gyrus connectivity sig-
nificantly reduced at hypoglycaemia in NAH and this
was not seen in ND. Together with this, we found a
significant negative correlation between the change in
DMN connectivity in NAH due to hypoglycaemia and
the symptomatic response. We postulate that activity
and connectivity of the DMN reduces as the brain
responds to symptom generation in hypoglycaemia.
Similar responses have been seen previously where sen-
sory detection negatively correlated with DMN activa-
tion.*® Furthermore, DMN activation has been shown
to be anticorrelated with reaction times®’ which mir-
rors our observation that NAH has a rapid symptom-
atic response but ND take longer to achieve the same
symptomatic response. Intriguingly, our second
between-group difference showed that in NAH the
thalamus had high baseline connectivity also with the
angular gyrus which became anticorrelated with induc-
tion of hypoglycaemia and was significantly different
from in the IAH group where there was no change in
connectivity due to hypoglycaemia.

Our within-group analyses also demonstrated results
that may be important for understanding the symptom-
atology of hypoglycaemia unawareness; however, we
did not have the statistical power to confirm the signif-
icance of these differences in between-group studies. In
NAH the DMN was negatively correlated with regions
in the sensory cortex, whilst the SN showed positive
connectivity with the central opercular cortex. These
regions are involved in receiving and processing input
from somatosensory stimuli.*® This suggests that proc-
essed somatosensory signals may have greater salience
in the NAH group, in keeping with their prior experi-
ence of symptomatic hypoglycaemia. Such a change
has been interpreted as an individual evolving from
rest, to preparing to act in response to the physiological
stress of incipient hypoglycaemia. Grecius and col-
leagues have previously described stimulus-induced
attenuation of the DMN with activation of the central
executive network.**" We were not able to confirm
corresponding enhanced connectivity of the CEN in
NAH, perhaps because we only captured resting state
data at a single hypoglycaemic timepoint.

Together, the ND and NAH data, suggest that the
observed differential symptomatic responses may be an
important part of a learned response to hypoglycaemia.
Repeated excitation of neuronal pathways is known to
modify cortical responsiveness through cortical plastic-
ity dependent on differential release of neuromodula-
tory transmitters.*’ Whilst it is interesting to note that
the symptom response is brisk in people in the NAH
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group, we are unable to comment on causality: i.e.
whether the symptoms drive the changes in connectiv-
ity or if the awareness of symptoms depends on
changes in functional connectivity between these key
areas. However, the correlation of symptoms and alter-
ation in PCC functional connectivity in people without
diabetes suggests a link in network disruption and
symptomatic experience. What remains intriguing is
that even though we recognise that those with IAH
have a greater exposure to hypoglycaemia than those
with NAH, given the duration of diabetes and level of
glucose control in this study, those with NAH were
able to maintain appropriate responses to hypoglycae-
mia despite likely having experienced many episodes of
hypoglycaemia over the years.

Our IAH group differed from our other groups in
having no connectivity changes seen in the DMN or
SN induced by hypoglycaemia in the within group
analyses. In a recent study that investigated changes
in regional cerebral perfusion during a hypoglycaemic
challenge,”® the IAH group seemed to have little or no
response to the hypoglycaemic stimulus. There are sev-
eral possible interpretations for loss of connectivity
responses in the DMN and SN in TAH. The first is
that the absent counterregulatory response means
there is no central neural representation of their
effect. Second, neuronal circuits involved in the detec-
tion or relay of hypoglycaemia signals may have
become adapted to recurrent exposure to low glucose
states in IAH, such that there are no downstream cor-
tical responses during hypoglycaemia. In these habitu-
ation scenarios, people with IAH are not consciously
aware of hypoglycaemia because of the absence of a
signal. Third, it may be that people with IAH subcon-
sciously use strategies to modulate their awareness of
hypoglycaemic symptoms so that the conscious
appreciation of hypoglycaemia is  suppressed.
Downregulation of stress responses to recurrent expo-
sure to that stress is well-described in the psychology
literature, a phenomenon known as habituation.
Previously, the right inferior frontal gyrus has been
proposed as a gateway for the top-down control of
attention.”>>* Our results are compatible with hypo-
glycaemia changing the co-ordinated activity between
separate regions within the right inferior frontal gyrus
as a neural correlate for IAH. It is conceivable that in
IAH, there is a maladaptive reorganisation which leads
to the inhibition of hypoglycaemia relevant behaviours.

We speculate that the lifetime response to hypogly-
caemia in T1D is triphasic. During the first episode of
hypoglycaemia, there is no previous reference for it and
there is slow responsiveness and understanding of what
the symptoms indicate. This is the situation for our ND
group. During subsequent hypoglycaemic episodes,
memory, salience and neuromodulation allow a more

adapted response. For some people, potentially after
high frequency of repeated stimulation, habituation
to the stimulus occurs, with loss of adaptations that
allowed rapid recognition and response.

In order to eliminate the potential for age, sex, BMI,
HbAlc and duration of diabetes to influence connec-
tivity we matched our participants for these factors.
Matching for diabetes duration is particularly impor-
tant, due to its known association with IAH and for
which adjustment as a covariate may not provide ade-
quate control, given the many physiological and psy-
chological features that accompany it. Importantly, our
study investigated glucose lowering to 2.6 mmol/L
which is important for investigating effects in IAH
due to the absence of counter-regulation and symptoms
at higher thresholds.

The study does have some limitations. Previous rest-
ing state analyses have had, at most, 12 participants
with TAH** and this is the largest resting state function-
al neuroimaging study investigating hypoglycaemia in
diabetes of which we are aware. Despite this, we may
have lacked power and missed important changes in
brain connectivity due to hypoglycaemia. A further
limitation is the absence of a task-based paradigm
which limits the ability to identify functional connec-
tivity changes that relate to change in self-treatment
behaviours. Future studies probing task-based perfor-
mance in these domains may help confirm whether
these early changes in connectivity enhance the ability
of these individuals to move towards executive control
and planning of self-treatment of hypoglycaemia.
Participant selection may also have been a confounder.
People with T1D TAH, recruited from a hospital which
specialises in treatment of problematic hypoglycaemia,
who are willing to participant in trials to restore symp-
toms of hypoglycaemia may not represent the whole
population of people with TAH.

To conclude, our data show that people with a
greater symptomatic response to hypoglycaemia show
alterations in network connectivity typically associated
with change from rest to executive function. This seems
to be key for a rapid behavioural response to the stim-
ulus when encountered during insulin therapy by
people with T1D. However, in those with loss of aware-
ness, we found evidence of co-ordinated reorganisation
of core neural circuits. We believe there may be alter-
ations in attentional control that explains the loss of
these protective behavioural responses that predispose
to ongoing hypoglycaemia risk.
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