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Summary statement:
Deuterium metabolic imaging (3 T) demonstrated reductions in oxidative glucose metabolism at whole-
brain spectroscopy, but no evidence of regional signal changes, in participants with Alzheimer’s

disease .

Key results:

In this prospective case—control pilot study of ten patients with symptomatic Alzheimer’s disease (AD)
and nine cognitively healthy control individuals, 3-T deuterium metabolic imaging (DMI) demonstrated a
lower peak ?H-glutamate/glutamine-to-2H-glucose signal ratio in participants with AD than in controls

(P=.04) on whole-brain spectroscopy, suggesting oxidative glucose metabolism impairment in AD.

There was no evidence of regional signal differences in participants with AD at 3-T DMI magnetic

resonance spectroscopy imaging.



Abstract

Background: Impaired glucose metabolism is characteristic of several dementia types, preceding
cognitive symptoms and structural brain changes. Reduced glucose uptake detection in specific brain
regions using ®F-fluorodeoxyglucose-PET (*¥F-FDG-PET) is a valuable diagnostic marker in
Alzheimer's disease (AD). However, ®F-FDG-PET use in clinical practice may be limited by equipment

availability and high cost.

Purpose: To test the feasibility of using MRI-based deuterium metabolic imaging (DMI) at a clinical
magnetic-field strength (3 T) to detect and localize changes in glucose and its metabolites in patients

with a clinical diagnosis of AD.

Materials and Methods: Participants were recruited for this prospective case—control pilot study
between March 2021 and February 2023. DMI was performed at 3 T using a custom birdcage head coll
following oral administration of deuterium-labeled glucose (0.75 g/kg). Unlocalized whole-brain
magnetic resonance spectroscopy (MRS) and 3D magnetic resonance spectroscopic images (MRSI,
cubic 3.2 cm voxel) were acquired. Ratios of ?H-glucose, 2H-glutamate/glutamine (?H-GIx) and 2H-
lactate spectroscopic peak signals to ?H-water peak signal were calculated for the whole-brain MRS,

and for individual MRSI voxels.

Results: A total of 19 participants, including 10 participants with AD (mean age, 68 years £5 [SD]; 8
males) and 9 cognitively healthy control participants (mean age, 70 years + 6 [SD]; 6 males) were
evaluated. Whole-brain spectra demonstrated a reduced ratio of the peak ?H-GIx to ?H-glucose signals
in participants with AD compared with control participants (0.41+0.09 vs. 0.58+0.20, P=.04), suggesting
an impairment of oxidative glucose metabolism in AD. However, there was no evidence of localization
of these changes to the expected regions of metabolic impairment on MRSI presumably due to

insufficient spatial resolution.



Conclusion: DMI at 3 T demonstrated impairment of oxidative glucose metabolism in patients with

Alzheimer’s disease but no evidence of regional signal differences.

Introduction

Dementia is an important public health problem with an increasing burden on healthcare and social
care systems (1). The most common cause of dementia, accounting for approximately 65% of cases, is
Alzheimer’s disease (AD)(2). Early diagnosis of AD is central for initiating treatment and mitigating
cognitive decline and is becoming particularly important with new targeted pharmacological treatments
(3). The diagnosis of dementia increasingly relies on diagnostic markers (3,4). One early finding in AD
is glucose uptake reduction in the posterior cingulate and temporoparietal regions which can be
detected by PET with the glucose analog *¥F-fluorodeoxyglucose (**F-FDG-PET)(5,6). **F-FDG-PET
has been demonstrated as a useful method for diagnosing AD and predicting the disease course (5-7)
and is especially recommended when the etiology of dementia is unclear (4,8). However, its use

remains limited by the higher cost and lower availability of PET than MRI (5).

Deuterium metabolic imaging (DMI) is an emerging method of imaging tissue metabolism based on
magnetic resonance spectroscopic (MRS) detection of deuterium-labeled compounds, most often
glucose. Using deuterium for spectroscopic imaging has several technical advantages. Owing to the
low abundance of natural deuterium (0.0156%), the need for background water and lipid suppression is
avoided, and a low gyromagnetic ratio of deuterium reduces the sensitivity to magnetic field
inhomogeneities (9,10). The negative impact of a lower resonance frequency on the signal-to-noise
ratio (SNR) is partly offset by a spin quantum number of 1 and short relaxation times, which allows
repeated acquisition within a reasonable scan time (9,10). Following preclinical experiments (9),
translation of DMI into humans has demonstrated successful detection and mapping of 2H-glucose in
the healthy brain and in patients with glioma after oral administration (10). In addition, the detection of

downstream metabolites, combined 2H-glutamate/glutamine (*H-GIx) and ?H-lactate, provides indirect



measures of the activities of the oxidative phosphorylation and reductive glycolytic pathways,
respectively (10). Thus, DMI offers data on glucose metabolic flux that are not available using *F-FDG-
PET, in which the glucose analog is not fully metabolized and accumulates within the cell (6). The
simplicity of using orally administered and nonradioactive 2H-glucose offers important advantages for

potential practical usability.

In the initial DMI studies in humans, experimental magnetic fields of 4 T (10) and 9.4 T (11) were used.
However, it has been recently demonstrated that DMI can be performed on a 3-T MRI system (12,13),
which could facilitate its use in clinical settings, as the widely available 3-T scanners would require only
a coil tuned to the deuterium resonance frequency and multinuclear capabilities with relevant pulse
sequences (12). Given the evidence of glucose metabolism dysregulation in AD, we hypothesized that
3-T DMI could be useful as a diagnostic marker. The aim of this study was to test the feasibility of 3-T
DMI to detect and localize changes in glucose and its metabolites in patients with a clinical diagnosis of

AD.

Materials and methods

Participant characteristics

The prospective case—control pilot study, performed between March 2021 and February 2023, was
approved by the NHS Research Ethics Committee (20/NE/0232), and all participants provided informed
consent. Brain DMI was performed in 10 randomly selected patients with symptomatic AD and 10
control participants over 60 years of age. Patients were recruited from the Cambridge University
Hospitals NHS Trust Memory Clinic and the National Institutes of Health (NIHR) Join Dementia
Research Register. All patients had an established diagnosis of probable AD based on National
Institute on Aging (NIA) criteria (8,14) following comprehensive examination by a specialist neurologist
(JBR, 19 years experience) or a psychiatrist (JTO, 30 years experience), including clinical assessment,

cognitive evaluation using the Addenbrooke Cognitive Examination Revised (ACE-R) test (15), and



structural brain imaging. ®F-FDG-PET and cerebrospinal fluid markers are not routinely used in the UK
(8) but are reported where available. Healthy volunteers were recruited from the NIHR Join Dementia
Research Register, memory clinics (nonrelated carers of dementia patients) and poster advertisements
on the study institution campus based on the absence of cognitive symptoms, and were further
evaluated using a Test Your Memory (TYM) screening test (16), included in the UK national guidelines
(8) and routinely used in memory services for its high negative predictive value for AD (16) and non-AD
dementia (17). The exclusion criteria included diabetes, a psychiatric or neurological diagnosis other

than AD, and insufficient MRS quality.

DMI acquisition

DMI was performed using a 3-T MRI system (MR750; GE Healthcare) used in research mode with
multinuclear capabilities. Deuterated glucose ([6,6'-?H;]glucose, Cambridge Isotopes Laboratories) was
dissolved in 200 ml of water and given orally (0.75 g/kg, maximum 60 g) after at least 6 hours of fasting.
The study timeline is shown in Fig. 2. Following structural proton brain MRI (sagittal 3D Cube T1,
0.7x0.7x1.0 mm and 3D FLAIR, 0.7x0.7x0.7 mm) using a standard head coil (operating at *H resonant
frequency, 127.78 MHz at 3 T), the patient was removed from the scanner. The coil was changed to a
single-tuned four-rung birdcage DMI coil with a 30 cm diameter and 24 cm rung length (GE 1.5 T
phosphorus head coil modified to operate at a 2H resonant frequency, 19.61 MHz at 3 T). Shimming
was performed over an ellipsoid region including most of the brain using the body coil with the DMI coill
in position. T1-weighted spoiled gradient echo images (1.0x1.0x2.0 mm) were obtained using the body
coil . Eddy current settings were adjusted for 2H, and Bloch-Siegert radiofrequency calibration
measurements were performed to determine the transmit power and imaging frequencies (12). 3D
magnetic resonance spectroscopic imaging (MRSI) spectra were obtained 87+14 min after glucose
consumption (84+11 min for control participants and 8914 min for participants with AD) using a pulse-
acquire sequence with 32 cm field of view, 10x10x10 matrix (voxel size 3.2 cm cubic), TR of 120 ms,

5000 Hz, and 544 points. A nominal 90° flip angle was used, providing an effective flip angle of 45°



close to the Ernst angle of 2H-water of 46.6° assuming a T1 of 320 ms. The scan parameters were
based on a previous study to provide an optimal SNR within 10 min scan duration, allowing the
presence of saturation effects correctable during postprocessing (12). Unlocalized (whole-brain) MRS
spectra were obtained at a mean time of 94+14 min after glucose consumption (92+12 min for control
participants and 97+15 min for participants with AD) using a 90° nominal flip angle, 1-s TR, 128
averages, 5000 Hz, 2048 points, and 128-s scan duration; at this TR, saturation effects are negligible.
In most participants (n=17), a repeat unlocalized measurement was obtained 13+3 min before (n=15) or

after (n=2) this timepoint.

Data evaluation

Spectroscopic data were analyzed in MATLAB using OXSA AMARES 2.0 (18) by ASK (3 years
experience). The ?H-water (4.7 ppm), 2H-glucose (3.9 ppm), ?H-GIx (2.4 ppm) and 2H-lactate (1.35
ppm) peak signals were obtained. Metabolite ratios were normalized to water to account for
nonuniformities in coil sensitivity by dividing the signals by ?H-water signal (12). Percentage change in
2H-water signal over time was calculated by dividing the change in signal amplitude by the initial signal
and the time between two MRS acquisitions. Structural imaging was visually rated by a neuroradiologist
blinded to the experimental group (TM, 9 years experience). Medial temporal atrophy (MTA) was
graded on coronal T1 reconstructions using the Scheltens scale (19); MTA 22 at <75 years or =23 at any
age was considered characteristic of AD (19). The degree of small vessel disease was graded on axial

FLAIR reconstructions using the Fazekas scale (20). MRSI data analysis is described in Appendix 1.

Statistical analysis

Data are expressed as the mean * standard deviation. Data were tested for normality using the
Kolmogorov-Smirnov test. The Student t-test was used for between-groups comparisons for normally
distributed data, otherwise the Mann-Whitney test was applied. Correlations involving continuous and

discrete variables were tested using Pearson or Spearman correlations, respectively. Statistical



significance was assumed at a P value of less than 0.05 (two-tailed). Statistical analysis was performed

using IBM SPSS v29.

Results

Participant characteristics

Ten AD patients and ten control participants were recruited and scanned but one control participant
was excluded from the analysis due to insufficient MRS quality (Fig. 1). The demographic and clinical
data of the included participants (ten AD patients, mean age, 68 years 15 [SD]; 8 males, 2 females, and
nine control participants, 70 years +6 [SD]; 6 males, 3 females) are shown in Table 1 and Supplemental
Table 1. Structural changes characteristic of AD were present in eight participants with AD; two
participants with AD had minimal medial temporal atrophy, but one had positive cerebrospinal fluid
markers for AD, and one had a positive ®F-FDG-PET scan (Supplemental Table 1). None of the control
participants showed medial temporal lobe atrophy or cognitive impairment. Fazekas grades were
comparable between participants with AD (1.3+£0.5) and controls (1.4+0.5, P=.54); none of the

participants had previous large vessel territories or strategic lacunar infarcts.

DMI results
Whole-brain MRS detected ?H-water, ?H-glucose, ?H-GIx and 2H-lactate peaks in all participants.
Examples of whole-brain spectra obtained from a participant with AD and control participant are shown

in Fig. 3.

There was no evidence of a difference between participants with AD and controls for whole-brain ?H-
glucose/?H-water (0.50+0.07 vs. 0.43+0.10; P=.09), 2H-GIx/?H-water (0.20+0.05 vs. 0.24+0.07; P=.24)
or ?H-lactate/?H-water ratios (0.05+0.03 vs. 0.06+0.05; P=.56). The whole-brain ratio of ?H-GIx/?H-
glucose was lower in patients with AD than in controls (0.41+0.09 vs. 0.58 £ 0.20, P=.04), suggesting

an impairment of oxidative glucose metabolism. The ratio of ?H-lactate/?H-glucose was similar between



the groups (0.11+0.07 vs 0.14+0.10, P=.44; Fig. 4). No correlations were found between these
parameters and the degree of cognitive impairment (ACE-R) or structural atrophy measures (MTA

grade) (Supplemental Table 2).

As an additional indirect marker of complete ?H-glucose oxidation, the rate of increase in the ?H-water
signal was compared between two repeat whole-brain MRS acquisitions. The rate of 2H-water signal
increase was lower in participants with AD (0.19+0.06%/min) than in control participants

(0.69+0.32%/min), although the difference did not reach statistical significance (P=.17).

MRSI maps of ?H-glucose and its metabolites revealed relatively uniform profiles across the brain in
participants with AD (Fig. 5) and control participants. There was no evidence of differences in glucose
or metabolite ratios in participants with AD in comparisons of voxels overlying the areas of expected

areas of glucose hypometabolism or in atlas-based regions (Appendix 1).

Discussion

Glucose hypometabolism is a recognized feature of several types of dementia (5—7). The only routine
clinical imaging method directly measuring metabolic glucose information is **F-FDG-PET, which can
demonstrate cellular glucose uptake but not its downstream metabolism (6). In our study, we tested the
feasibility of evaluating glucose turnover in AD using 3 T DMI, which offers additional insights into

glucose metabolic flux and has practical advantages that could allow its rapid clinical translation.

As in previous work in healthy volunteers (12), it was possible to resolve ?H-glucose, ?H-GlIx and 2H-
lactate peaks via whole-brain spectroscopy following oral administration of ?H-glucose. Participants with
AD showed reduced whole-brain ?H-GIx/?H-glucose ratio, demonstrating an impairment of oxidative
metabolism. As the complete oxidative metabolism of ?H-glucose results in the incorporation of

deuterium into 2H-water (9), reflected in slow increase in ?H-water signal over time (12), we evaluated



the rate of 2H-water signal change between two MRS acquisitions as an additional marker of oxidative
phosphorylation. Participants with AD demonstrated a tendency toward a lower rate of 2H-water signal
increase than healthy controls, in line with the 2H-GIx/?H-glucose results, although the difference did not
reach statistical significance. This may be due to the slow ?H-water signal increase after oral 2H-
glucose, making the measurement of the small difference between time points prone to error, and
acquisitions over a longer time course may be required. As 2H-water is freely diffusible, the influx of 2H-
water produced in other organs may also form part of the net brain signal, particularly after oral 2H-
glucose administration, where absorption is gradual and subject to first-pass effects. Further
investigation is therefore needed to determine the usefulness of 2H-water signal change as a measure

of oxidative brain metabolism.

The slight increase in the global 2H-glucose/?H-water ratio in AD contrasts with the reduced glucose
uptake on ¥F-FDG-PET (5-7). Although the timepoints for image acquisition after probe administration
using the two techniques are similar, the different routes of administration (oral vs. intravenous) and
large differences in the concentrations of the probes result in different pharmacokinetic profiles. 8F-
FDG-PET signal at the time of image acquisition is predominantly intracellular and localized to the
cerebral cortex (6), whereas the higher net 2H-glucose concentration in our whole-brain data could be
due to increased extracellular, vascular or white matter content due to slower uptake. This possibility is
supported by measurements in postmortem brains, which demonstrated increased glucose
concentrations in cortical samples from regions susceptible to amyloid deposition in AD owing to
reduced neuronal glucose transport (21). This could lead to increased extracellular 2H-glucose
concentration due to the larger amount of administered ?H-glucose compared to tracer quantities of '8F-
FDG. Furthermore, analysis of 8F-FDG-PET signal in white matter demonstrated a significantly higher
specific binding ratio of glucose in patients with AD which correlated with amyloid accumulation, a

phenomenon that may be attributed to an increased neuroinflammatory response (22). However, the



available data on the glucose metabolism in the white matter in dementia are otherwise scarce, and

further investigation is warranted.

Given the relatively large regions of disturbed glucose metabolism in AD, we hoped that meaningful
regional differences similar to ®F-FDG-PET studies would be demonstrable on DMI despite limited
resolution at 3 T (voxel volume of 33 ml achievable during 10 min scan). The detection of such
topographic changes would be of particular diagnostic value, as this allows qualitative scan evaluation
and differentiation of dementia types. Although in all but one participant with AD, we did not have a
direct confirmation of regional glucose hypometabolism on 8F-FDG-PET, its presence could be
presumed because most participants with AD had established medial temporal atrophy, and metabolic
changes precede structural alterations and cognitive symptoms, often by several years (6,23).
However, no regional differences were detected on DMI MRSI. We assume that this was secondary to
the technical limitations of the method, such as partial volume effects due to insufficient spatial
resolution. However, given the different kinetics of the normally metabolized glucose in DMI, it is
possible that its distribution may be different from that of nonmetabolized ¥F-FDG, and changes may
occur in different regions or globally. The promising results from whole-brain MRS show the need for
further work into DMI signal localization by improving the SNR and spatial resolution, ideally in
correlation to 8F-FDG-PET. Improvements in spatial resolution are achievable at 3 T through coil
sensitivity optimization (13 ml with a maximum sensitivity coil) and longer acquisition times (19 ml at 30
minutes)(24); we opted for 10 min acquisition but the scan was well tolerated by all participants, and a
longer scan duration is feasible. It may also be possible to combine structural MRI and DMI with little
added examination time using interleaved acquisition (25). The optimal coil type for DMI is a matter of
debate. Whereas 3-T studies have been performed with a birdcage coil (12,13), studies at higher
magnetic field strengths have used multiarray designs (10,11,24). Birdcage coils offer simpler
construction and good field homogeneity without postprocessing, and there is scope to increase the

SNR by reducing resistive losses (13); however, others have suggested multiarray coils for maximum



performance (24). Our MRSI acquisition parameters, such as spherical k-space encoding and imaging
close to the Ernst angle, were already similar to the proposed conditions (13). Another possibility for
improving the SNR is machine learning-based denoising in postprocessing (13). Finally, discounting the
practical benefits of 3 T, DMI at higher field strengths is even more promising, with 3.0-ml or 1.7-ml
voxel volume achievable in 10 or 30 min, respectively, at 9.4 T and 2.7-ml in 28 min achievable at 7 T

(24).

Previous studies have suggested that AD may be associated with impairment of aerobic glycolysis, in
which glucose is metabolized to lactate in the presence of adequate oxygen supply (26,27). This
process occurs preferentially in astrocytes, and there is evidence that lactate constitutes an important
energy source for neurons through the astrocyte—lactate shuttle mechanism (28,29). Aerobic glycolysis
is diminished in AD in correlation with amyloid deposition (26), preceding cognitive symptoms (27). In
our study, we did not observe differences in lactate levels between participants with AD and control
participants. However, the sensitivity of DMI to lactate is limited by a low signal amplitude and may be
affected by lipid resonance (10,12). Other methods, such as hyperpolarized **C-MRI using pyruvate

injection, may be more suitable for investigating this aspect of cerebral neuroenergetics (12).

Our pilot study has limitations. First, the trends toward increased glucose levels and smaller increases
in 2H-water in participants with AD were not statistically significant, likely due to the combination of
relatively few participants and the low sensitivity of the technique; these findings need re-evaluation in
larger studies following coil and protocol optimization. Second, while participants were not known
diabetic and were asked to fast before glucose administration to ensure optimal uptake, glucose levels
were not measured before the scan. It is unlikely that potential differences in glycemia influenced our
results in a systematic manner. However, it would be beneficial to measure glucose levels for
correlation with DMI data, and to ensure that the effects are not confounded by a metabolic disorder,

especially that patients with AD may present with subclinical diabetes. Third, using water as an internal



reference could theoretically affect measured glucose and metabolite-to-water ratios because of
increased cerebrospinal fluid volume secondary to a greater degree of brain atrophy in participants with
AD. However, due to the high water content in the brain, atrophy has only a very small impact on the
total intracranial water volume. Of key importance, the reduced Glx/glucose ratio in participants with AD
is unaffected by normalization to water, as it is directly calculated from the respective peak signal
heights. Fourth, as the areas of glucose hypometabolism in AD demonstrate hypoperfusion,
visualization of reduced cerebral blood flow by arterial spin labeling (ASL) offers similar diagnostic
performance to 8F-FDG-PET and can be easily performed on the current MRI scanners (30,31). It
remains to be established whether direct metabolic information from DMI could offer additional
advantages. As we did not evaluate perfusion, it is also not possible to know whether the DMI findings

are linked to perfusion changes, especially in the absence of regional information.

Our study adds to the body of evidence on the usability of DMI in humans (10-13, 24). For clinical
translation, an important consideration would be tracer cost, which is currently considerably higher for
[6,6’-2H.]Jglucose than for ¥F-FDG. However, this price will likely decrease with increased use of the
technique and larger scale production. This potential cost reduction is exemplified by recent work in
which the replacement of expensive deuterides with heavy water and less demanding reaction
conditions allowed a tenfold reduction in the synthesis cost (32). Moreover, a higher substitution rate
(five protons replaced with deuterons) provides a higher SNR and allows potential dose reduction (32)

compared with the doubly deuterated compound used in our work.

In summary, in our initial study exploring the role of DMI in AD, we demonstrated the impairment of
oxidative glucose metabolism in participants with AD at 3 T, as shown by a reduced ?H-GIx/?H-glucose
ratio on global brain spectroscopy. Further studies are needed to establish whether these changes
could also be detected in the presymptomatic or prodromal stages of the disease and whether such

data could support diagnostic decisions. Further investigations are warranted to determine whether DMI



could provide regional information following technical coil and scan protocol refinements sufficient to
provide the necessary regional signal-to-noise ratio at 3 T or whether greater magnetic field strength

would be required.
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Tables

Table 1: Demographic and clinical characteristics of participants

Characteristic Participants with AD Control participants
(n=10) (n=9)

Age (y) t 6815 7016

Age range (y) 61-77 60-77

Sex

Males 8 (80.0) 6 (66.7)
Females) 2 (20.0) 3 (33.3)

Cognmon score"' ACE-R 66115 TYM 4812

Cognition score range ACE-R 40-86 TYM 46-50

Abnormal cognition 10 (100.0) * 0(0.0)8

MTA (Scheltens’ scale)

Abnormal 8 (80.0) 0 (0.0)
MTA 2 4 (40.0)

MTA 3 2 (20.0)
MTA 4 2 (20.0)

Normal 2 (20.0) 9 (100.0)
MTAO 1(10.0)’ 3(33.3)
MTA 1 1(10.0)" 6 (66.7)

SVD (Fazekas scale)

Grade 1 7 (70.0) 5 (55.6)
Grade 2 3 (30.0) 4 (44.4)

Note — Unless otherwise specified data are numbers of patients, with percentages in parentheses. AD =
Alzheimer’s disease, MTA = medial temporal atrophy, ACE-R = Addenbrooke Cognitive Examination Revised
(ACE-R), TYM = Test Your Memory cognitive screening test, SVD = small vessel disease.

1 Data are means tstandard deviation

1 9 participants with AD had ACE-R score of <82 (84% sensitivity and 100% specificity for dementia) and one had
ACE-R score in 83-88 range (94% sensitivity and 89% specificity for dementia)

8§ TYM test was considered normal at scores 247 at an age of 60-70 and 246 at an age of 70-80

* positive cerebrospinal fluid markers, ** positive 18F-FGD-PET



Figure legends

Fig. 1. Flow diagram showing study participant inclusion. AD = Alzheimer’s disease, NIA = National
Institute on Aging, TYM = Test Your Memory cognitive screening test.

Fig. 2. Diagram of study timeline. FLAIR = fluid attenuated inversion recovery, p.o. = per os (orally),
DMI = deuterium metabolic imaging, MRS = magnetic resonance spectroscopy, MRSI = magnetic

resonance spectroscopic imaging.

Fig. 3. Unlocalized (whole-brain) MRS spectra of a control participant and a participant with AD on a
clinical 3 T MRI system with peak amplitudes referenced to ?H-water. AD = Alzheimer’s disease, MRS =

magnetic resonance spectroscopy, 2H-GlIx = ?H-glutamate/glutamine.

Fig. 4. Differences in whole-brain MRS metabolite-to-water ratios between participants with AD and
control participants. Participants with AD demonstrate a significantly lower ?H-GIx/?H-glucose ratio. AD

= Alzheimer’s disease, MRS = magnetic resonance spectroscopy, 2H-GlIx = 2H-glutamate/glutamine.

Fig. 5. Glucose and metabolite MRSI maps obtained in a participant with AD (67 years old male).
Sagittal unenhanced T1-weighted spoiled gradient echo images at the level above corpus callosum (A)
and at the level of Sylvian fissures (E), and corresponding MRSI maps of ?H-glucose/?H-water (B and
F), 2H-GIx/’H-water (C and G), and ?H-lactate/?H-water (D and H) ratios are shown using a color scale
as indicated by the color bars. MRSI images were upscaled by zero filling to generate 2.0 x 2.0 x 3.2
cm voxels and smoothed with a median filter. MRSI = magnetic resonance spectroscopic imaging, 2H-

Glx = 2H-glutamate/glutamine.
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Supplemental Material

Appendix 1

For the analysis of MRSI data, 2H-glucose/?H-water, ?H-GIx/?H-water, ?H-lactate/’H-water, ?H-GIx/?H-
glucose, and 2H-lactate/’H-glucose ratios were compared between three MRSI voxels (3.2 x 3.2 x 3.2
cm) overlying the expected areas of glucose metabolism disturbance (bilateral parietal lobes and
precuneus) and three voxels overlying the frontal lobes (in which metabolic changes do not usually occur
in AD) as a control region in the same MRSI imaging plane superior to the corpus callosum. The voxels
overlying the regions of interest were identified by a neuroradiologist (TM, 9 years experience) on T1-
weighted spoiled gradient echo images acquired prior to DMI acquisition using the body coil, to which the
MRSI maps were referenced. The mean glucose and metabolite-to-water ratios in the selected MRSI
voxels were calculated and compared both within (parieto-temporal vs. frontal) and between experimental
groups (each region in participants with AD vs. healthy participants).

For atlas-based segmentation, the sagittal 3D Cube T1-weighted images acquired with the proton head
coil were co-registered to the T1-weighted spoiled gradient echo images obtained with the body coil (and
therefore to the aligned MRSI maps) using FSL routines (Woolrich MW et al, Neuroimage, 2009; 45:S173-
86). Registered sagittal 3D Cube T1-weighted images were subsequently segmented using a modified
Hammers brain atlas (Hammers A et al, Human Brain Mapp 2003, 19: 224-247). Due to the limitations
associated with the large size of the source MRSI data voxels, the Hammers atlas fields were merged to
to obtain larger areas of interest in which glucose hypometabolism would be expected - parietal lobe
(merger of the superior parietal gyrus, supramarginal gyrus, and angular gyrus fields) and the lateral
aspect of the temporal lobe (merger of the superior, middle and inferior temporal gyri and posterior
temporal lobe), and areas of presumed normal metabolism - frontal lobe (merger of the superior and
middle frontal gyri) and occipital lobe (merger of the angular gyrus and lateral remainder occipital lobe).
DMI values were extracted from bilateral regions of interest and the mean 2H-glucose/?H-water, 2H-
GlIx/?H-water, ?H-lactate/?H-water, 2H-GIx/?H-glucose, and ?H-lactate/?H-glucose ratios were calculated.
The values were compared both within (all regions of interest individually, as well as combined parietal
plus temporal vs. combined frontal plus occipital lobe) and each region across experimental groups

(participants with AD vs. healthy participants).



There was no evidence of a difference in metabolite levels between selected brain regions using either
way of analysis. The table below demonstrates values of metabolic ratios (mean+SD) obtained from the
parietal and frontal voxels with corresponding P values for comparisons within (parietal vs. frontal) or
across (participant with AD vs control participants) groups.

Metabolite / region
2H-glucose/?H-water

Control participants

Participants with AD

P (AD vs control)

parietal 0.33+0.12 0.33+0.16
frontal 0.33+0.09 0.31+0.15 .98
P (parietal vs frontal) .97 .87 .92

2H-GIx/?H-water .50
parietal 0.16 £ 0.06 0.14 £ 0.04 48
frontal 0.18 £ 0.07 0.15+ 0.05
P (parietal vs frontal) 14 .32

°H-lactate/?H-water .66
parietal 0.05+0.03 0.05+0.04 .90
frontal 0.04 £ 0.03 0.04 £0.03
P (parietal vs frontal) .81 .84

2H-GIx/?H-glucose .93
parietal 0.53+0.22 0.55+0.30 .84
frontal 0.54 £0.15 0.52+0.31
P (parietal vs frontal) .87 .58

2H-lactate/?H-glucose 72
parietal 0.14 £ 0.05 0.16 £0.13 37
frontal 0.13+0.12 0.13+0.07
P (parietal vs frontal) .84 .40

Similarly, there was no evidence of a difference in metabolite levels in regions identified using the
modified brain atlas, either between different brain regions (P=.09 to .89) or between participants with
AD vs control participants (P=.07 to .97).



Supplemental Table 1:
Individual demographic data, cognition scores (ACE-R score and sub-scores for patients and TYM score
for control subjects), medial temporal atrophy score (MTA) and small vessel disease (SVD, Fazekas scale)

in the study participants.

AD patients

ID Age Sex ACE-R [sub-scores] MTA SVD Comments

1 68 M 79 [18-14-8-25-14] 4 1 Positive cerebrospinal fluid markers'

2 61 F 56 [9-7-6-23-11] 2 1 -

3 62 M 37 [8-5-4-18-2] 2 1 Presenilin-1 mutation

4 77 M 70 [18-11-6-20-15] 3 2 -

5 66 M 69 [14-14-10-22-9] 2 2 -

6 67 M 78 [18-12-10-25-13] 3 1 -

7 70 M 49 [8-6-4-23-8] 2 1 -

8 56 M 71 [17-13-7-23-11] 1 2 Positive 18F-FDG PET#

9 73 M 59 [13-11-4-15-16] 4 1 -

10 68 F 86 [18-16-12-25-15] 0 1 Positive cerebrospinal fluid markers'
Control subjects

ID Age Sex TYM MTA SVD

1 69 M 50 1 1

2 72 M 46 0 2

3 60 M 48 0 1

4 66 F 50 1 1

5 63 M 49 1 1

6 75 F 48 1 2

7 73 M 50 0 1

8 77 M 47 1 2

9 76 F 47 1 2

f AB1-42 < 627 pg/ml, total Tau > 595 pg/ml, total Tau/AB ratio > 1 (local clinical reference values)
* clinical report of reduction of 18F-FDG uptake in temporo-parietal regions and the precuneus typical for AD

ACE-R sub-scores are given for [attention and orientation-memory-fluency-language-visuospatial] domains (maximum
achievable scores of 18-26-14-26-16 respectively). The ACE-R test was not repeated on the day of the scan, but scores
obtained at the most recent memory clinic were provided (on average two months before the scan).

ACE-R score of <88 has 94% sensitivity and 89% specificity for dementia

ACE-R score of <82 has 84% sensitivity and 100% specificity for dementia (15)

MTA scores 22 in patients <75 years of age, or scores of 3 and 4 at any age were considered abnormal

(Barkhof F 2011. Neuroimaging in dementia. Springer Verlag)

TYM test was performed in control participants on the day of the scan and was considered normal at scores 247 at an
age of 60-70 and 246 at an age of 70-80

Negative predictive value of TYM test is 99% for AD (16) and 84% for non-AD dementia at a threshold of 42 (17)



Supplemental Table 2:
Correlation coefficients and two-tailed p values for correlations between ACE-R or MTA scores and

metabolite ratios in patients with AD.

2H-glucose / 2H-GIx / 2H-lactate / 2H-GIx / 2H-lactate /
2H-water 2H-water 2H-water 2H-glucose 2H-glucose

ACE-R
r -0.49 -0.09 0.59 0.18 0.58
P 0.15 0.80 0.09 0.61 0.08
MTA
rs -0.24 0.18 0.41 0.14 0.39
P 0.50 0.61 0.14 0.70 0.16

Dependence between continuous variables (ACE-R and metabolite ratios) was tested using Pearson’s correlation.
Pearson’s correlation coefficient (r) and significance (P) values are listed
Dependence between discrete (MTA) and continuous variables (metabolite ratios) was tested using Spearman’s correlation.

Spearman’s correlation coefficient (rs) and significance (P) values are listed



