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Abstract
Aims/hypothesis We have previously shown that individuals with uncontrolled type 2 diabetes have a blunted rise in brain
glucose levels measured by 1H magnetic resonance spectroscopy. Here, we investigate whether reductions in HbA1c normalise
intracerebral glucose levels.
Methods Eight individuals (two men, six women) with poorly controlled type 2 diabetes and mean ± SD age 44.8 ± 8.3 years,
BMI 31.4 ± 6.1 kg/m2 and HbA1c 84.1 ± 16.2 mmol/mol (9.8 ± 1.4%) underwent 1H MRS scanning at 4 Tesla during a
hyperglycaemic clamp (~12.21 mmol/l) to measure changes in cerebral glucose at baseline and after a 12 week intervention that
improved glycaemic control through the use of continuous glucose monitoring, diabetes regimen intensification and frequent
visits to an endocrinologist and nutritionist.
Results Following the intervention, mean ± SD HbA1c decreased by 24.3 ± 15.3 mmol/mol (2.1 ± 1.5%) (p=0.006), with
minimal weight changes (p=0.242). Using a linear mixed-effects regression model to compare glucose time courses during the
clamp pre and post intervention, the pre-intervention brain glucose level during the hyperglycaemic clamp was significantly
lower than the post-intervention brain glucose (p<0.001) despite plasma glucose levels during the hyperglycaemic clamp being
similar (p=0.266). Furthermore, the increases in brain glucose were correlated with the magnitude of improvement in HbA1c (r =
0.71, p=0.048).
Conclusion/interpretation These findings highlight the potential reversibility of cerebral glucose transport capacity and metab-
olism that can occur in individuals with type 2 diabetes following improvement of glycaemic control.
Trial registration ClinicalTrials.gov NCT03469492.
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Abbreviations
BBB Blood–brain barrier
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CMRglc Rate of glucose metabolism
CNS Central nervous system

DPP-4 Dipeptidyl peptidase 4
EasyGV Easy Glucose Variability
FSL Freestyle Libre
GIR Glucose infusion rate
MRS Magnetic resonance spectroscopy
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NAA N-acetylaspartate
RD Registered dietitian
SGLT2 Sodium–glucose cotransporter 2
STEAM Stimulated echo acquisition mode

Introduction

The prevalence of type 2 diabetes mellitus in the USA and
worldwide continues to rise and despite many available treat-
ment options many diabetic individuals fail to achieve
glycaemic targets leading to increasedmorbidity andmortality
[1, 2]. Cognitive impairment [3, 4] and dementia [5] have been
recognised as clinically important complications arising from
chronic exposure to hyperglycaemia. Furthermore, chronic
hyperglycaemia has been shown to lead to abnormalities of
cerebral cellular metabolic processes as well as changes in
GLUT function and expression [6–8].

Glucose, the main energy source of the brain, is supplied
across the blood–brain barrier (BBB) via facilitated diffusion
through glucose transporters, principally GLUT1 [9]. Studies
in healthy, lean individuals using magnetic resonance spec-
troscopy (MRS), a non-invasive imaging technique that
measures concentrations of metabolites in living tissue, have
shown that brain glucose levels rise in a linear fashion with
rising plasma glucose levels [10]. In animals, chronic
hyperglycaemia decreases glucose transport through

downregulation of GLUT1 at the BBB [11]. In previously
published work, our group showed that compared with lean
participants without diabetes, brain glucose increments in
response to a standardised increase in plasma glucose levels
were lower in participants with poorly controlled type 2 diabe-
tes [12], suggesting that chronic hyperglycaemia is associated
with blunted brain glucose transport and/or metabolism.
Whether these changes in cerebral glucose transport/
metabolism seen in individuals with poorly controlled diabe-
tes can be reversed is unknown. This proof of concept study
was therefore undertaken to determine whether improvement
of glycaemic control in individuals with poorly controlled
type 2 diabetes would restore glucose brain transport kinetics.

Table 1 Participant characteristics at baseline (week 0) and after inter-
vention (week 12)

Variable Week 0 Week 12 p value

N 8

Sex, male/female, n (%) 2 (25) /6 (75)

Age, years 44.8±8.3

Duration of diabetes, years 10.0±8.2

Weight, kg 85.0±21.2 83.2 ± 20.0 0.242

BMI, kg/m2 31.4±6.1 30.6 ± 5.4 0.085

HbA1c, mmol/mol 84.1±16.2 59.7 ± 10.1 0.006

HbA1c, % 9.8±1.4 7.7 ± 0.9 0.006

Data are expressed as mean ± SD or n (%)

Paired t tests were used to determine differences within groups
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Methods

Study design and participants

This is a pre–post-intervention trial to measure changes in cere-
bral glucose levels at baseline and after a 12 week intervention to
improved glycaemic control through the use of continuous
glucose monitoring (CGM), diabetes regimen intensification
and frequent visits to an endocrinologist and nutritionist.

Eight individuals with poorly controlled type 2 diabetes
defined as a HbA1c ≥58 mmol/mol (7.5%), aged 18–65 years,
and BMI ≥18 km/m2, were recruited from the greater New
Haven between January 2018 and November 2019 and partic-
ipated in the study (Table 1). Participants provided informed
consent and were on a stable regimen of insulin or oral diabe-
tes medications for at least 90 days before the first scan.
Participants 1 and 4 were treated with basal/bolus insulin regi-
men. Participant 2 used basal insulin, metformin, sodium–
glucose cotransporter 2 (SGLT2) inhibitor and dipeptidyl
peptidase 4 (DPP-4) inhibitor. Participant 3 was treated with
basal/bolus insulin, metformin and an SGLT2 inhibitor.
Participant 5 was using basal insulin, metformin and a DPP-
4 inhibitor. Participant 6 was using basal insulin, metformin
and a sulfonylurea. Participant 7 was using metformin, and

participant 8 was using a sulfonylurea only. Individuals were
excluded if they had type 1 diabetes, known psychiatric or
neurological disorders, active infection, malignancy, abnor-
mal thyroid function, cerebrovascular disease, cardiovascular
disease, hepatobiliary disease, or significant weight change in
the last 3 months (more than 5%weight change). Other exclu-
sion criteria included inability to enter the MRI scanner, illicit
drug use and smoking history assessed by interview, use of
medications that could have effects on the brain including
psychiatric medications, or recent steroid use. Women who
were breastfeeding, seeking pregnancy or had a positive urine
pregnancy test were also excluded.

Experimental protocol

Brain glucose measurements using 1H MRS scanning
Participants underwent 1H MRS scanning at 4 Tesla during
a hyperglycaemic clamp at baseline and after a 12 week inter-
vention to improve glycaemic control. On the evening prior to
each MRS scan, individuals were admitted to the Yale
University Hospital Research Unit and placed on a standard
hospital protocol insulin drip overnight to normalise plasma
glucose levels. The insulin infusion was continued as needed

Fig. 1 1H scanning of the brain.
(a) Voxel placement, a 30 × 20
× 30mm voxel was centred at the
midline of the occiput. Localised
shimming was obtained from an
elliptical volume (green) around
the selected voxel. The scale on
the image is in (cm) centimeters
(vertical axis). (b) Representative
difference spectra at baseline
(week 0, black) and after the
intervention (week 12, red) from
1 participant. The glucose
reference spectrum (phantom) is
shown in green. The spectral
window in which the glucose
integration was performed is
indicated
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to maintain plasma glucose at 5 mmol/l until the start of the
hyperglycaemic clamp.

For the hyperglycaemic clamp, a variable 20% dextrose
infusion was adjusted every 5–10 min for 2 h so that plasma
glucose levels were increased from baseline to the target level
of 12.2 mmol/l as previously described [12]. Venous blood
was drawn to sample insulin levels every 2 min for the first
10 min and every 30 min thereafter.

For 1H MRS scanning, participants were positioned supine
in a 4.0 T whole-body magnet interfaced to a Bruker
ParaVision 6.0 spectrometer (Bruker Instruments, USA), with
the head immobilised using foam inserts to lie within a quad-
rature surface radiofrequency probe with two orthogonal
circular surface coil transceivers as previously described [13,
14]. After tuning, calibration and acquisition of scout images
for anatomical localisation, intracerebral glucose concentra-
tion signals were obtained using stimulated echo acquisition
mode (STEAM) localisation [15] in a 30 × 20 × 30 mm3

voxel in the occipital lobe. To ensure reproducible position-
ing, the volume was centred at the midline of the occiput with
the volume centre along the z-axis set 15 mm above the cere-
bellum and the volume centre along the y-axis set 10 mm
above the surface of the occipital cortex at the midline (see
Fig. 1).

Spectra were obtained for two 10 min blocks of base-
line then every 10 min for at least 2 h of hyperglycaemia.

Shimming was performed by obtaining B0 mapping,
followed by iterative local shimming, using an elliptical
shim volume centred on the voxel (Fig. 1). The standard
Bruker STEAM [16] sequence was used with repetition
time (TR) = 2000 ms, echo time/mixing time (TE/TM) =
15 ms/10 ms, bandwidth = 5000 Hz and sampling points =
2048. Each 10 min spectrum was the average of 296 scans,
with VAriable Power and Optimized Relaxations delays
(VAPOR) for water suppression [17]. Spectra were

acquired with a B0-lock during the interscan delay to
compensate for field drift using a navigator pulse (Gauss,
0.548 ms, bandwidth 5000 Hz, flip angle 10o).

Spectral analysis Fourier transformation was performed using
an exponential apodisation with a Lorentzian half width of
4 Hz. The sum of the baseline spectra was subtracted from
each spectrum obtained during the glucose infusion to elimi-
nate overlap from other brain metabolites as previously
described [18, 19]. The differences between spectra were done
with matching line width, phasing and frequency shifting,
without adjustment of intensity (Fig. 2). Changes in glucose
levels were measured by peak integration of the difference
spectrum, integrating the glucose C3H-C5H peak from 3.32
to 3.54 ppm [20]. Baseline corrections were performed in the
range of 0 ppm to 4.0 ppm. This partial glucose integral was
converted to full intensity using a correction factor. The
correction factor was obtained by acquiring spectra of free
glucose in a solution using the same pulse sequence and then
determining the ratio between the integral from 3.32 and
3.54 ppm with the integral obtained between 3.10 and
3.96 ppm (which contains the 1H MRS resonances of C2
through C6 glucose). The free glucose spectrum was line
broadened to approximate the linewidths seen in vivo. For
conversion to concentration, the corrected partial glucose inte-
gral was divided by the integral of the resonance of the CH3

group of creatine between 2.83 and 3.11 ppm in the baseline
spectrum, multiplied by the correction factor, and corrected
for the number of protons contributing to the resonances. The
creatine concentration was assumed to be 10 mmol/kg tissue,
as previously described [12]. The spectral processing
described above was performed using the Bruker Topspin
3.2 software (https://www.bruker.com/en/products-and-
solutions/mr/nmr-software/topspin.html). Most spectra were
acquired with a water linewidth of 8.5–11 Hz.

Fig. 2 Spectral processing for
intracerebral glucose. An example
using one representative
participant of how an individual
time point is calculated for change
in brain glucose levels using
difference spectra. The blue
spectrumwas obtained at baseline
and the red spectrum was
obtained 10 min later. The green
spectrum underneath is the
difference between the red and
blue spectra
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To rule out the possibility that the changes in the increase in
glucose levels observed were due to spectroscopic variation, we
also determined the choline, creatine, and N-acetylaspartate
(NAA) concentrations for both scans of all participants using
LCModel [16] obtained at the beginning of each scanning
session prior to glucose infusion. In all cases, the variation
between scans was less than 10%, which is well below the
changes in glucose measured. The per cent change in creatine/
water ratio before and after the intervention was calculated to be
0.62%, indicating the high stability of the measurement and
consistent MRS volume location since creatine concentration is
lower in white matter [21]. Additional evidence of consistent
volume location was that the NAA/creating ratio, which also
depends upon grey/white matter composition, did not change.

Intervention protocol

CGM Prior to the first MRS scanning session, participants were
asked to wear a blinded continuous glucose monitor (Freestyle
Libre Pro; Abbott, USA). For calculation of metrics of
glycaemic variability, the values obtained were imported into
Easy Glucose Variability (EasyGV) software version 9.0.R2
(www.phc.ox.ac.uk/research/technology-outputs/easygv)
[22] using a method adapted fromChan et al [23] and used in a
prior study [24].

Following the first MRS scan, and for the duration of the
12 week intervention, participants were provided with person-
al unblinded Freestyle Libre CGM (FSL-CGM) to allow for
self-monitoring of their glucose control. Participants met with
a research team member every 1–2 week(s) to review data in
person or over the phone as described below. All participants
received instructions and training on the proper use of the
CGM system.

Diabetes medication management Participants met regular-
ly with an endocrinologist to review glucose measurements
from the FSL-CGM system every 1–2 week(s). Insulin
doses and oral glucose-lowering drugs were adjusted
following ADA recommendations for fasting and post-
prandial glucose goals. Awareness of blood glucose
change during exercise was emphasised and treatment of
hypoglycaemia was reviewed.

Nutrition/lifestyle visit All participants met regularly with a
registered dietitian (RD), who was also a certified diabetes
educator (CDE), to review diet and physical activity habits.
The initial visit focused on reviewing typical food intake and
setting goals to ensure that the diet was nutrient-dense and that
the participant was aware of carbohydrate intake and its effect
on blood glucose. The RD was sensitive to each individual’s
nutritional needs based on personal and cultural preferences.
Physical activity level was also assessed and goals were
individualised, as was done for nutritional recommendations.

If a participant was engaging in minimal activity, a gradual
increase was recommended at each visit. Those already
engaging in regular activity of moderate-to-vigorous intensity
and flexibility training were encouraged to continue with their
regimen. Overall, participants were advised to decrease seden-
tary activity such as watching TV and internet surfing. All diet
and exercise counselling was in accordance with the ADA
2018 guidelines [25]. Participants met with the RD on weeks
1, 3, 5, 8 and 11 and weight was recorded at each visit. So that
weight change would not confound study outcomes, interven-
tions were tailored to keep participants’ weight stable (±5 lb
[2.23 kg]).

Laboratory analysis Plasma glucose levels were measured via
glucose oxidase (YSI; Xylem, USA). Plasma insulin levels
were measured by double-antibody RIA (Millipore, Merck,
USA).

Statistics

Analyses of every repeatedlymeasured outcome, including intra-
cerebral glucose and plasma glucose levels, were performed
using the linear mixed-effects regression model method as previ-
ously described [12, 24, 26]. The pre-intervention (week 0) and
post-intervention (week 12) brain glucose measures from the
same participants were first aligned together by the same
measurement time points (every 5–10 min during the
hyperglycaemic clamp) and then transposed by week into a
dataset of long format, in which a pair of pre and post measures
per time point was saved in a single column for each participant.
The SAS ProcMIXED procedure was used to fit themodel, with
three independent variables including a categorical time variable,
a dummy week variable (week 0 and week 12), and the time by
week interaction term. An unstructured covariance matrix was
specified to account for the within-correlation between weekly
paired values (week 0 and week 12), with an extra random
subject effect introduced to account for the correlation of the
minute-level measures during the hyperglycaemic clamp within
a participant. In a separate analysis, glucose levels obtained every
5–10 min between times 60–120 min of the clamp were aver-
aged to calculate a mean steady-state glucose level. Paired t tests
were then used to compare these steady-state mean values before
and after the intervention. Data analyses were performed using
SAS, version 9.4 (Cary, USA) and SPSS software (version 26.0;
IBM, USA). p values of less than 0.05 were considered statisti-
cally significant. No adjustment for multiple comparisons was
considered for the exploratory endpoints in the current study.

Study approval

The Yale University Human Investigation Committee
approved the protocol, and all participants provided written
informed consent prior to study participation.
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Results

Participant characteristics

As shown in Table 1, two male and six female participants had a
mean ± SD age of 44.8 ± 8.3 years and had a mean duration of
diabetes of 10.0 ± 8.2 years. They had poorly controlled diabe-
tes, as demonstrated by a mean ± SD HbA1c of 84.1 ±
16.2mmol/mol (9.8 ± 1.4%) at baseline. HbA1c was significant-
ly reduced after the interventionwith an average decrease of 24.3
± 15.3mmol/mol (2.1 ± 1.5%) (p=0.006). Therewere no signif-
icant changes in weight (mean ± SDweight was 85.0 ± 21.2 kg
before the intervention and 83.2 ± 20.0 kg after the intervention,
p=0.242).

Plasma and brain glucose levels

Using mixed-effects regression models, which take into
account the repeatedmeasures of brain and plasma glucose over
the hyperglycaemic clamp, the pre-intervention brain glucose
level during the hyperglycaemic clamp was significantly lower
than the post-intervention brain glucose (p<0.001; Fig. 3a)
despite plasma glucose levels during the hyperglycaemic clamp

being similar (p=0.266; Fig. 3b). No significant differences in
fasting plasma insulin levels were observed (mean ± SD: 62
± 68 μU/ml in week 0; 31 ± 22 μU/ml in week 12; p=0.20).
Similarly, there were no differences in mean plasma insulin
levels measured during t ime 60–120 min of the
hyperglycaemic clamp (mean ± SD: 31 ± 26 μU/ml in week
0; 38 ± 29 μU/ml in week 12; p=0.25). Mean ± SD glucose
infusion rates (GIRs) during the hyperglycaemic clamps
were 1.61 ± 1.09 mg kg−1 min−1 in week 0 and 2.75 ±
1.61 mg kg−1 min−1 in week 12 (p=0.07). Correlation
between change in GIR and change in brain glucose
measures was not significant (r = 0.3, p=0.45).

There were also no differences in pre- vs post-intervention
concentrations of other intracerebral metabolites, including
NAA, glutamine, glutamate, glycerophosphocholine +
choline and myoinositol, at baseline vs after the intervention
(Table 2).

Reduction in HbA1c and change in brain glucose levels

To assess factors that might be driving these changes, we
examined the relationship between the mean change in brain
glucose levels at steady state (averaged between time 60–
120 min) and reductions in HbA1c. The mean brain glucose
level (time 60–120 min) was 1.07 ± 0.23 mmol/l before the
intervention and 0.88 ± 0.35 mmol/l after the intervention
(p=0.10). There was a significant correlation between the
change in brain glucose levels and the degree of reduction in
HbA1c. Individuals who displayed greater reduction in HbA1c

after the intervention had greater increases in brain glucose (r
= 0.711, p=0.048) (Fig. 4a).

Duration of diabetes and change in brain glucose
levels

There was a significant correlation between the mean change
in brain glucose levels at steady state (time 60–120 min)
before and after the intervention and the duration of diabetes.

Fig. 3 Change in intracerebral glucose and plasma glucose levels. (a) Mean change in intracerebral glucose concentrations over time at week 0 and 12.
(b) Mean plasma glucose levels over time. All eight participants were included in analysis. Data are presented as mean ± SEM

Table 2 1H MRS metabolites at baseline and after intervention

Metabolite Week 0 Week 12 p value

NAA+NAAG 1.60±0.15 1.51±0.82 0.10

Creatine + PCr 1.00 1.00 –

Glutamine 0.28±0.07 0.30±0.06 0.38

Glutamate 1.07±0.07 1.04±0.08 0.40

Glu+Gln 1.35±0.11 1.35±0.13 0.99

GPC+Choline 0.21±0.02 0.21±0.02 0.98

Myoinositol 0.62±0.05 0.60±0.04 0.15

Data are expressed as mean ± SD of concentrations relative to (Creatine+
PCr) × 10

PCr, phosphocreatine; GPC, glycerophosphocholine
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As seen in Fig. 4b, shorter duration of diabetes was correlated
with a greater change in brain glucose levels after the inter-
vention (r = −0.811, p=0.015). Correlations between duration
of diabetes and change in HbA1c during the intervention (r =
−0.582, p=0.131) and age of participants (r = −0.26,
p=0.526) were not significant.

CGM data

As seen in Table 3, based on the CGM reports obtained prior
to each scanning session, the percentage of time that partici-
pants spent in mild hypoglycaemia (glucose concentration
<3.89 mmol/l) and in moderate hypoglycaemia (glucose

Fig. 4 Relationship between change in intracerebral glucose levels,
reduction in HbA1c and duration of diabetes. All eight participants were
included in the analysis. (a) Change in the average of brain glucose levels
at steady state (time 60–120 min) correlated using a Pearson’s correlation

with reduction of HbA1c (12 weeks vs 0 weeks). (b) Change in the
average of brain glucose levels at steady state (time 60–120 min) corre-
lated using a Pearson’s correlation with duration of diabetes

Table 3 CGM data at baseline
and after intervention CGM data Week 0 Week 12 p value

% Time, glucose <3.89 mmol/l 0.7 ± 2.1 0.6 ± 1.3 0.666

% Time, glucose <2.77 mmol/l 0.4 ± 1.0 0.0 ± 0 0.351

% Time, glucose >9.99 mmol/l 69.3 ± 32.6 32.5 ± 17.0 0.034

% Time, glucose ≥3.89 mmol/l to ≤9.99 mmol/l 29.5 ± 31.4 66.8 ± 17.1 0.030

No. of episodes, glucose <2.77 mmol/l 1.3 ± 3.8 0.0 ± 0 0.351

No. of episodes, glucose <3.89 mmol/l 3.3 ± 9.5 2.8 ± 6.1 0.705

EasyGV dataa

Mean 13.0 ± 4.3 8.8 ± 1.5 0.047

SD 3.3 ± 0.7 2.4 ± 0.9 0.082

CONGA 10.8 ± 4.0 7.0 ± 1.0 0.049

LI 14.3 ± 6.4 10.0 ± 7.7 0.084

JINDEX 94.1 ± 52.8 43.0 ± 15.2 0.040

LBGI 1.3 ± 2.2 1.7 ± 0.9 0.620

HBGI 22.5 ± 14.5 7.8 ± 3.9 0.031

GRADE 16.2 ± 9.9 7.2 ± 3.3 0.048

MAGE 7.8 ± 1.6 5.9 ± 2.4 0.126

M value 42.1 ± 37.5 8.0 ± 4.6 0.037

MAG 5.8 ± 1.2 5.0 ± 1.7 0.161

Data are presented as mean ± SD

CGM variables were calculated from the 5 days before MRS scanning
a Different glucose variability measures were calculated from the 5 days prior to the MRS scanning as per [22]
using EasyGV software

CONGA, continuous overlapping net glycaemic action; GRADE, glycaemic risk assessment in diabetes equation;
HBGI, high blood glucose index; JINDEX, index of glycaemic control; LBGI, low blood glucose index; LI,
lability index; M value, Morbus value; MAG, mean absolute glucose; MAGE, mean amplitude of glucose
excursions
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concentration <2.77 mmol/l) did not differ between week 0
and week 12.

The percentage of time spent in hyperglycaemia (glucose
concentration >9.99 mmol/l) decreased after the intervention
(p=0.034). No significant associations were observed for rates
ofmild hypoglycaemia ormoderate hypoglycaemia, or percent-
age of time spent in hypoglycaemia or hyperglycaemia, and
brain glucose levels. Furthermore, using the software program
EasyGV [22], we calculated common metrics of glycaemic
variability from the CGM and no significant correlations were
observed between metrics of glycaemic variability and brain
glucose measurements either at baseline or after the
intervention.

Discussion

In this proof of concept study, we show that improved
glycaemic control results in a 20% increase in brain glucose
levels. Furthermore, the degree of this increase correlated with
the magnitude of HbA1c improvement. These findings suggest
that human brain glucose transport and/or metabolism may be
restored by good glycaemic control.

The relationship between brain glucose levels and circulat-
ing plasma glucose levels based on human and animal model
studies has been shown to be linear [10, 27]. We have shown
that the slope of this linear relationship, whichwe determine in
our glucose difference measurement, can be used to calculate
the ratio of the maximum transport activity (Tmax) to the rate
of glucose metabolism (CMRglc) [12]. How glucose transport
activity and metabolism and, as a result, brain glucose levels,
are altered in response to hypo- or hyperglycaemia has been
the subject of study for decades. Prior work by other groups
using positron emission tomography (PET) [28], arterio-
venous difference studies [29] and 13CMRS studies [30] have
shown minimal differences in CMRglc when between indi-
viduals with poorly controlled type 1 diabetes and age-
matched healthy control individuals under euglycaemic
conditions. Furthermore, rodent studies have found that diabe-
tes is associated with cerebral hypometabolism [31]. Taken
together with our current findings, this suggests that the great-
er increase in brain glucose concentrations seen after interven-
tion could be due to improvements in GLUT activity/capacity.

Chronic exposure to hyperglycaemia has been shown in
both animal and human studies to decrease glucose transport
into the brain [12, 24, 32]. This has been postulated to be a
protective adaptation of the central nervous system (CNS)
against the deleterious consequences of hyperglycaemia [33,
34]. Similarly, upregulation of glucose transport into the brain
following repeated exposure to hypoglycaemia is postulated
to be an important adaptive mechanism to ensure adequate
glucose supply to the brain in the setting of hypoglycaemia.
This hypothesis is supported by animal studies showing

upregulation of Glut1 in rodents subjected to repeated
hypoglycaemia [35, 36]. Likewise, human studies in individ-
uals with type 1 diabetes have found that frequent
hypoglycaemia may lead to increased glucose entry into the
brain [29]. However, despite compelling evidence to support
adaptive changes at the BBB to increase or decrease brain
glucose transport, there have also been rigorous human studies
that have not found differences in brain glucose in response to
hyperglycaemia [19, 37] or hypoglycaemia exposure [38, 39].
These disparate conclusions have been attributed to differ-
ences in study designs, participant populations and neuroim-
aging methodologies, and thus it remains unclear exactly what
factors in addition to circulating glucose levels can impact
transport of glucose into the brain.

Furthermore, very few studies have investigated the revers-
ibility of CNSmetabolite changes in response to improvement
in glycaemic control. To our knowledge, prior to our current
study, there have been no other human studies investigating
the reversibility of brain glucose transport/metabolism. Our
study participants all had poorly controlled type 2 diabetes
with minimal hypoglycaemia and modest levels of glycaemic
variability. Because the 12 week intervention effectively
lowered exposure to high glucose levels without increasing
rates of variability or hypoglycaemia, we conclude that the
improvement in brain glucose responses are predominantly
due to decreased exposure to hyperglycaemia. Our findings
are consistent with work by other groups using different
neuroimaging modalities, such as functional MRI brain scan-
ning, which found that better glycaemic control can modify
brain function in the short term. For example, improvement of
HbA1c following gastric bypass surgery was associated with
significant changes in regional brain activity patterns 6months
after surgery [40] and the extent of brain activity changes also
correlated with the degree of improvement in HbA1c [40].

In our present study, we also observed that the degree of
change in brain glucose levels correlated with the magnitude
of improvement in HbA1c (Fig. 4a). In addition, individuals
with shorter duration of diabetes also had a greater improve-
ment in brain glucose levels (Fig. 4b). While these post hoc
analyses must be interpreted cautiously given our small
sample size, this suggests that early and prompt interventions
to improve diabetes control may be associated with greater
improvements in CNS complications of diabetes. This finding
resonates with the conclusion of early studies of diabetes
microvascular complications, highlighting the importance of
early implementation of intensive glucose management [41,
42].

Improved sensitivity of the brain to the changes in circulat-
ing glucose levels could have implications for peripheral
glucose homeostasis as well as eating behaviour. In animal
studies, glucose sensing in the brain regulates peripheral
glucose homeostasis [43–45]. In our study, we did not observe
any relationships between brain glucose levels and surrogate
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measures of insulin sensitivity including GIR or insulin secre-
tion. Future studies will be needed to clarify whether improve-
ment in brain glucose could have any effects on peripheral
measures of glucose homeostasis.

Finally, one of the primary mechanisms of neuronal
damage from diabetes arises from hyperglycaemia-driven
oxidative stress [34]. Diabetes is a well-established risk factor
for cerebrovascular disease [46], dementia [3] and neurode-
generative diseases such as Alzheimer’s disease [47]. While it
is without question that intensive glucose control will delay
the onset and progression of microvascular and macrovascular
complications of type 2 diabetes [48, 49], it is less clear wheth-
er tight glycaemic control can improve cognitive dysfunction.
Many studies have failed to show that better glycaemic control
can improve cognitive function among individuals with diabe-
tes [50–52]. Further studies will be needed to investigate the
impact of changing brain glucose transport kinetics on neuro-
cognitive function.

The present study has several limitations. First, while
participants were studied under carefully controlled
hyperglycaemic clamp conditions with nearly identical
plasma glucose levels, our brain glucose findings should
be interpreted with caution due to the small sample size.
Future, adequately powered studies with equal distribution
of men and women will be needed to confirm our findings.
Second, we did not have a control group and it is not possi-
ble to separate the intervention effects from potential time
effects from participating in a clinical trial. In addition, our
brain glucose measurements were obtained in the occipital
cortex due to its relative ease of access and reliability for
spectral acquisition. Glucose concentrations have been
reported to be different between grey and white matter
[10] and we did not specifically correct for grey/white
matter in this study; however, we used a relatively large
voxel size placed using anatomical landmarks to ensure that
the voxel was placed in the same location for each partici-
pant before and after the intervention. In addition, there is
evidence for regional differences in brain glucose metabo-
lism [53] and further studies will be needed to measure
brain glucose uptake in other regions of the brain such as
the hypothalamus. Finally, because we did not use labelled
glucose infusions (such as with [13C]glucose), we were not
able to trace the metabolic fate of glucose or measure the
cerebral metabolic rate of glucose.

In summary, our data show that in individuals with poorly
controlled type 2 diabetes, improvement of glycaemic control
results in a significant increase in brain glucose responses,
possibly due to normalisation of cerebral glucose transport
capacity. Furthermore, individuals with a shorter duration of
diabetes and greater reduction in HbA1c showed greater
improvement in brain glucose levels after the intervention.
Additional studies are needed to identify additional factors,
or better characterise factors, that can contribute to the

reversibility of CNS changes in type 2 diabetes, and to better
understand the implication of these findings on neurocogni-
tive functions.
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