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ARTICLE INFO ABSTRACT

Keywords: - Introduction: Application of MRI in clinical routine mainly addresses structural alterations. However, pathological
Sodium-23 ("Na) changes at a cellular level are expected to precede the occurrence of brain atrophy clusters and of clinical
Sodium MRI

symptoms. In this context, 2>Na-MRI examines sodium changes in the brain as a potential metabolic parameter.
Recently, we have shown that 23Na-MRI at ultra-high-field (7 T) was able to detect increased tissue sodium
concentration (TSC) in Alzheimer’s disease (AD). In this work, we aimed at assessing AD-pathology with 23Na-
MRI in a larger cohort and on a clinical 3T MR scanner.

Methods: We used a multimodal MRI protocol on 52 prodromal to mild AD patients and 34 cognitively healthy
control subjects on a clinical 3T MR scanner. We examined the TSC, brain volume, and cortical thickness in
association with clinical parameters. We further compared TSC with intra-individual normalized TSC for the
reduction of inter-individual TSC variability resulting from physiological as well as experimental conditions.
Normalized TSC maps were created by normalizing each voxel to the mean TSC inside the brain stem.

Results: We found increased normalized TSC in the AD cohort compared to elderly control subjects both on global
as well as on a region-of-interest-based level. We further confirmed a significant association of local brain volume
as well as age with TSC. TSC increase in the left temporal lobe was further associated with the cognitive state,
evaluated via the Montreal cognitive assessment (MoCA) screening test. An increase of normalized TSC
depending on disease stage reflected by the Clinical Dementia Rating (CDR) was found in our AD patients in
temporal lobe regions. In comparison to classical brain volume and cortical thickness assessments, normalized
TSC had a higher discriminative power between controls and prodromal AD patients in several regions of the
temporal lobe.

Discussion: We confirm the feasibility of 2>Na-MRI at 3T and report an increase of TSC in AD in several regions of
the brain, particularly in brain regions of the temporal lobe. Furthermore, to reduce inter-subject variability
caused by physiological factors such as circadian rhythms and experimental conditions, we introduced
normalized TSC maps. This showed a higher discriminative potential between different clinical groups in
comparison to the classical TSC analysis. In conclusion, 2’Na-MRI represents a potential translational imaging
marker applicable e.g. for diagnostics and the assessment of intervention outcomes in AD even under clinically
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available field strengths such as 3T. Implication of 2>Na-MRI in association with other metabolic imaging marker

needs to be further elucidated.

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia.
According to current demographic developments, AD is expected to
affect a rising number of people in the future, together with a signifi-
cantly increased affected lifetime of the patients, representing a major
public health challenge (Holtzman et al., 2011; Nichols et al., 2019). The
absence of effective disease-modifying treatments underlines the need to
advance the development of novel therapeutic strategies for addressing
this urgent and immediate medical challenge (Scheltens et al., 2021).
Crucially, the development of novel treatments is limited by an insuf-
ficient understanding of the pathological processes underlying the
development and progression of dementia (Huang et al., 2020) and
focus especially needs to be set on the earliest stages of neuro-
degeneration (Cummings et al., 2007; Scheltens et al., 2021). Currently,
cerebrospinal fluid (CSF) and Positron-Emission-Tomography (PET) are
used in clinical practice to detect pathological hallmarks such as amy-
loid plaques and tau tangles (Jack et al., 2018; Nordberg et al., 2010).
Since these techniques do not always reflect the degree of clinical
impairment, non-invasive methods such as MR imaging (MRI) are
already integrated in clinical scanning routines, possibly leading to an
improved understanding of metabolic changes in prodromal AD. So far,
MRI has mainly focused on the detection of volumetric alterations in the
pathway for clinical diagnosis of AD (Fox et al., 2000; Frisoni et al.,
2010; McDonald et al., 2009). However, complementary MRI techniques
are available, in particular sodium MRI (23Na-MRI). This technique has
been shown to be sensitive to increases in local tissue sodium levels
reflecting jeopardized cell viability and preceding cell death (Boada
et al., 2005). Therefore, sodium imaging has been used in the context of
cerebral infarction, tumor lesions, inflammatory diseases such as mul-
tiple sclerosis, and in neurodegeneration (Inglese et al., 2010; Nielles-
Vallespin et al., 2007; Reetz et al., 2012; Regnery et al., 2020; Shah
etal., 2016; Thulborn, 2018; Thulborn et al., 1999). Sodium increase has
been shown to be a relevant aspect in AD, since post mortem studies have
indicated ion disbalances such as sodium increases in AD (Graham et al.,
2015; Vitvitsky et al., 2012), possibly as a consequence or accompa-
nying phenomenon of energy deficits and change of ion channel
expression in AD. However, 2Na-MRI is a challenging technique that
requires state-of-the-art acquisition strategies and possibly high or ultra-
high magnetic field strengths to overcome the intrinsic low MR sensi-
tivity of the sodium nucleus (Haeger et al., 2021; Romanzetti et al.,
2014).

Recently, we used 23Na-MRI in AD patients on a ultra-high-field (7 T)
MR scanner, and were able to show sodium increases in several brain
regions, associated with tau-pathology assessed by Flortaucipir-PET
imaging in AD (Haeger et al., 2021). 2®Na-MRI could therefore be a
valuable tool for detecting metabolic energy depletion in AD interacting
with AD-pathology and help shifting the focus on metabolic disbalances
on cellular level as possible earliest starting point of the disease, with a
further dynamic development of energy disbalances during disease
progression.

The aim of this study was to combine high-resolution volumetric
assessments routinely performed on a 3T high-field MR scanner with
23Na-MRI as a possible metabolic imaging technique and to put these in
relation to standard clinical assessments. The resulting outcome would
shed light about the potential of 2’Na-MRI as an imaging biomarker for
neurodegeneration on a clinical 3T MR scanner, possibly preceding or
accompanying brain atrophy and aging. We therefore performed 2*Na-
MRI on a large sample of altogether 86 subjects comprising AD patients
at different stages of the disease as well as healthy control subjects from
younger to advanced age to examine influences of atrophy, age and

gender on cerebral sodium content at 3T field conditions.
2. Materials and methods
2.1. Study participants

A total of 86 subjects, comprising 52 patients with AD (20 female,
mean age 70.4 + 6.1 years), 20 age-matched elderly control subjects (4
female, mean age 67.8 + 9.4 years) as well as 14 younger control sub-
jects for analysis of age-related effects (5 female, mean age 29.2 + 6.4
years) participated in the study.

All twenty elderly control subjects met the following criteria: (1)
Mini-Mental State Examination (MMSE) score > 27 and (2) normal
neuropsychological assessments and/or no further report of subjective
memory impairment, (3) no history of chronic psychiatric or central
neurological conditions. Study participants received cognitive assess-
ment, including cognitive screening tests with the Mini Mental State
Examination (MMSE) (Folstein et al., 1975) for all control subjects, and
further the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD Plus) (47). The (1) Clinical Dementia Rating (CDR) (Morris,
1993) as well as the (2) MoCA scores were used as an indicator for the
severity of the dementia grade of all participants according to the NICE-
guidelines (https://www.nice.org.uk/guidance/ng97). Diagnosis of AD
was confirmed in accordance with the international criteria of the Na-
tional Institute on Aging and Alzheimer’s association NIA-AA-research
framework. Part of the AD cohort came from the Dementia-MOVE-
study (Haeger et al., 2020). To fulfill AD biomarker research criteria,
51 out of 52 AD patients had undergone lumbar puncture with evalua-
tion of neurodegenerative markers beforehand (pathological range:
amyloid p1-42 < 450 pg/ml, amyloid p1-42/40 ratio < 0.5, total tau >
450 pg/ml and phosphorylated tau > 61 pg/ml), analysis being per-
formed in the Neurochemical Laboratory at the University of Gottingen
(Reiber, 2005; Zettl et al., 2005).

AD patients were separated in a less affected group (CDR = 0 or 0.5)
and a more dependent group (CDR = 1 or 2). Control subjects younger
than 40 years old did not receive the complete cognitive battery. To
detect behavioral disturbances and depression, the Beck Depression
Inventory-II (BDI) (Beck et al., 1996) was further applied. The elderly
control group was age-matched to the patient’s group. The study was
approved by the local ethics committee of the RWTH Aachen University
(EK 083/15 and EK 306/18 [Dementia-Move]) and was conducted ac-
cording to the guidelines of the declaration of Helsinki. An overview of
the study sample is given in Table 1. All subjects gave their written
informed consent before participating.

2.2. MR protocol and image processing

All MRI scans were performed on a 3T whole body scanner (PRISMA
3T, Siemens Healthineers, Erlangen, Germany). The scanning session
comprised 2*Na- and 'H-imaging. 2>Na-MRI scans were performed using
a double resonant 'H/?*Na quadrature birdcage coil (Rapid Biomed
GmbH, Rimpar, Germany). A Variable-Flip-Angle method (VFA) was
used to obtain quantitative TSC maps (Coste et al., 2019). Briefly, two
successive scans with a gradient-spoiled 3D FLORET sequence (Madelin
and Regatte, 2013; Pipe et al., 2011) (TR = 20 ms, TE = 0.1 ms, FOV =
256 mm, 4 mm isotropic resolution, 3 acquisition blocks of 3 min per
scan) were acquired at a different flip angle (FA1/FA2 = 25°/55°). In
addition, the B field was estimated using the Double Angle Method
(FA1/FA2 = 60°/120°, TR/TE = 80 ms/0.1 ms, 6 mm isotropic reso-
lution) to correct for residual Bl-inhomogeneities. The two sodium
images and the Bi field were combined as described elsewhere (Coste
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Table 1

Ilustration of the demographic data of our sample with effect-sizes of compar-
ison between Alzheimer patients and elderly control subjects. Mean values +
Standard deviation are illustrated, with minima and maxima in brackets. Y =
years, MoCA = Montreal cognitive assessment, MMSE = Mini Mental state ex-
amination, CDR = clinical dementia rating, BDI = Beck Depression Inventory. *
for controls n = 16,/20; 2 for patients n = 51/52; 3n = 18/20; * for patients: n =
36,52, for controls: n = 16,/20; ® for patients: n = 44/52 for controls: n = 13/20;
6 for patients n = 41/52, for controls: n = 16/20; 7 for patients n = 42/52, for
controls: n = 16/20; 8 for patients n = 51/52; ° for patients n = 50/52.

AD patients Elderly
Control
subjects
Mean + SD n=>52 n=20 p-value
[min,max]
Demographics Age, y 70.4 + 6.1 68.0 +£9.3 0.2
[53, 80] [49, 81]
Gender F/M 20/32 4/16 -
Education, y 13.3 £ 3.5 [5, 15.3 + 3.5 0.05
22] [10, 201"
Disease 2.8 +1.7 [0, - -
Duration, y 7]
Neuropsychology = MoCA (/30) 19.8 £ 5.1 [9, 27.9+1.3 <0.001
2812 [26, 30]
MMSE (/30) 24.8 + 3.6 29.3 £ 1.0 <0.001
[16, 30] (27,3013
CDR = 0/0.5/ 8/25/18/1 20/0/0/0 -
1/2
BDI* 8.1+6.4]0, 28 +£2.7 0.002
25] [0, 10]
Word List 13.8 £5.7 [4, 21.6 £4.1 <0.001
Fixation® 30] [14, 29]
Word List 3.0+ 25 [0, 75+1.9 <0.001
Recall® 10] [4, 10]
Word List 16.8 + 2.3 19.5 + 0.7 <0.001
Recogn. ° [12, 20] [18, 20]
Visuoconstr. ° 9.1 +3.0 [0, 10.8 +£ 0.6 0.05
11] [9, 11]
Visuoconstr. 4.9 + 3.7 [0, 9.7+1.4 <0.001
Recall® 11] [7,11]
Phonematic 11.4 £ 4.4 [2, 16.8 +£ 5.4 <0.001
Fluency® 22] [8, 27]
Semantic 13.5 £5.7 [3, 22.8 £5.0 <0.001
Fluency® 28] [16, 33]
Boston 13.3 £2.6 [3, 148 +£ 0.4 0.03
Naming® 15] [14, 15]
Trail Making A 65.1 + 46.4 36.7 £ 14.3 0.02
in s® [26, 268] [20, 67]
Trail Making B 200.5 + 86.9 104.1 + <
ins’ [69, 300] 58.5 [38, 0.001
300]
CSF markers CSF p-amyloid 418.4 +£143.7 - -
1-428 [135, 812]
CSF p -amyloid 11711.5 + - -
1-40° 4646.4 [711,
25356]
p -amyloid 0.36 = 0.10 - -
Ratio® [0.06, 0.53]
CSF p-tau® 93.4 + 32.1 - -
[36, 191]
CSF tau® 727.1 £ 626.2 - -
[201, 4664]

et al., 2019). The resulting sodium image was then corrected for partial
volume effects using an iterative Van-Cittert approach (Thomas et al.,
2016). Finally, TSC maps were obtained by applying a linear two-point
calibration utilizing the signal of two calibration tubes of known sodium
concentrations of 51 mmol/l and 102 mmol/] placed next to the sub-
jects’ heads. TSC maps were then co-registered to the T;-weighted
anatomical reference in inverse contrast from the 'H protocol,
comprising a high-resolution anatomical T;-weighted brain scans using
an MPRAGE sequence (TR = 2300 ms, TI = 900 ms, TE = 2.3 ms, FA =
7°, TA = 7 min, 0.8 mm isotropic resolution). An overview of the 23Na-
MR-analysis is given in Fig. 1. Details of our image-processing pipeline
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are presented in the Supplementary Materials of this manuscript.

The Hammersmith Segmentation Atlas (Hammers et al., 2003) as
well as the VolBrain Segmentation atlas (Manjon and Coupé, 2016) were
used for our region-of-interest (ROI) based analysis. CSF was removed
from all masks to isolate brain tissue and exclude possible “spill-in” ef-
fects from high CSF sodium concentrations and results on the 32 brain
regions reported. To maintain the original anatomical shape of the mask,
no erosion was performed. For regional volume calculation, each ROI
volume was corrected for total intracranial volume. We further deter-
mined the regional cortical thickness in ANTs (Tustison et al., 2014).

For each ROI, the sodium content was calculated as the median of the
regional TSC distribution extracted from each quantitative TSC map.
The median was considered to account for the non-gaussian distribution
of the TSC signal in the ROIs.

2.3. Normalization of TSC

To take into account a possible inter-individual variability of TSC
maps caused by physiological effects such as circadian rhythms (Har-
rington et al., 2010), and slightly different experimental conditions
utilized in the sodium acquisition sessions, we employed a normaliza-
tion method used in PET-imaging (de Souza et al., 2011; Goutal et al.,
2020). This consisted in a global normalization of TSC maps to the mean
TSC inside the brain stem mask of the Hammersmith atlas in FSL (Jen-
kinson et al., 2012). The brain stem mask was eroded by 4 mm to
exclude any CSF influence. The brain stem was selected similar to PET-
imaging, because it is expected to be the most stable region with respect
to metabolic hypometabolism in AD (Ishii, 2002; Bauer, 2013). These
observations were also confirmed from our own 7 T 23Na-MRI study at 3
mm isotropic resolution (Haeger et al., 2021). All following analyses
were performed with both approaches in this paper: classical quantita-
tive TSC in mmol/] for quantification and normalized TSC for compar-
ison purposes.

2.4. Statistical analysis

2.4.1. Voxel-based whole brain analyses

Voxel-based whole brain analyses on (A) T;-weighted anatomical
images and (B) quantitative TSC and (C) normalized TSC were per-
formed to detect group differences on a structural and metabolic level,
respectively. The study group was used to create an anatomical template
as well as a sodium template in ANTs (Avants et al., 2011).

For (A), structural analysis was done by means of a tensor-based-
morphometry (TBM) analysis. Log Jacobians of the geometrical trans-
formations of individual T1-weighted images to a minimal deformation
group template from the control cohort were compared voxel-wise by a
permutation analysis (n = 2000) performed with BROCCOLI (Eklund
et al., 2014) only on voxels inside the brain tissue mask, including CDR
(0; 0.5; 1 or 2, and setting age and gender as covariates). For (B) and (C),
a likewise permutation analysis (n = 2000 permutations) was performed
again on voxels within the brain tissue mask after smoothing (¢ = 2
mm), including again CDR (0; 0.5; 1 or 2) and age and gender as
covariates. The resulting t-values of the cluster-based statistics were
reported at a corrected p < 0.05 level of significance.

2.4.2. ROI-based analysis

ROI-based group analysis was performed to inspect our multimodal
imaging datasets on regional level. Regional quantitative TSC for
quantification, normalized TSC, cortical thickness and volume (the
volume normalized for total intracranial volume) were compared be-
tween patients and controls via Wilcoxon Rank Sum test and Bonferroni-
Holm-corrected for multiple comparisons in MATLAB (Version R2019b,
Mathworks) for each modality analyzed. ROIs from left and right
hemispheres were averaged calculating the mean between individual
left and right ROIs.
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Fig. 1. Illustration of the processing steps of >Na-
MRIL: Following reconstruction, denoising and
correction for B;-inhomogeneity, total sodium con-
centration maps are obtained after Van-Cittert-partial
volume correction (Thomas et al., 2016) from the
23Na My-images via a 2-point calibration. TSC maps
are then co-registered to their corresponding T;-
weigthed inverted anatomical reference (B). CSF,
WM, GM segmentation masks as well as Hammer-
smith and VolBrain atlas parcellation from T;-
weighted anatomical reference are calculated and
transformed into the original 2°Na-MRI space.
Regional TSC values as well as normalized TSC are
extracted from partial volume corrected TSC images.

Image
Recon-
struction

Skull-
Stripping

2.4.3. Multiple regression analysis: Influence of regional volume on regional
TSC

To further regress out the influence of regional volume, as well as age
and gender on regional TSC, multiple regression models of TSC ~ Vol-
ume + Age + Gender were calculated for the patient’s as well as the
elderly control group for a preselection of regions representative for
each lobe in MATLAB (Version R2019b, Mathworks) and Residuals of
TSC statistically compared via Wilcoxon Rank Sum test again in a second
step, to examine group differences independent of regional volume, age
and gender effects. This was performed on quantitative maps of TSC as
well as on normalized TSC.

2.4.4. Voxel-based regression analysis for the association between TSC and
cognition

To further analyze which brain regions with TSC increase are asso-
ciated with cognitive decline, a voxel-wise regression analysis including
multimodal imaging with both 23Na-imaging and structural imaging was
included. This was calculated with VoxelStats (Mathotaarachchi et al.,
2016) in MATLAB, using a multiple regression model defining MoCA ~
Sodium + Anatomical + Age + Gender. Anatomy, age and gender were
included in this model in order to take age, gender and structural effects
into consideration. Only patients were included in this analysis. Cogni-
tion was here represented by the short cognitive screening test of MoCA.
Individual sodium images were transformed into template space, the
template coming from miccai2012-multi-atlas-challenge-data, its original

MRI scans coming from OASIS (https://www.oasis-brains.org/). T1-
images were also transformed into template space and modulated
using the Jacobian determinants. Images were smoothed (¢ = 2 mm)
and rescaled. A random field theory (RFT)-correction at p < 0.05 was
performed at a FWHM of 6 in a second step. This analysis was both done
on the quantitative TSC maps as well as the normalized TSC and results
from both analyses reported.

2.4.5. ROC-analysis of normalized TSC compared to quantitative TSC,
cortical thickness and local brain volume

We repeated our ROI analysis of stage-dependent comparison of TSC
between groups with a focus on temporal brain regions by extracting the
median of the quantitative TSC maps and normalized TSC from voxels
inside ROIs. We then evaluated the effectiveness of regional normalized
TSC in distinguishing between elderly controls and mildly affected AD
patients with a CDR of 0 or 0.5 (n = 33) by receiver operating charac-
teristics (ROC)-analysis, illustrating true positive rate (TPR) against the
false positive rate (FPR) and reporting the area under the curve (AUC) in
MATLAB. For comparison of predictive potential of normalized TSC
versus regional brain volume, we also used the quantitative TSC,
normalized regional brain volume and cortical thickness (CT) to
compare AUCs between the different parameters.
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3. Results
3.1. Voxel-wise based analysis

Whole brain analyses of quantitative TSC maps showed increased
TSC in hippocampal regions, however, clusters did not survive signifi-
cance thresholding at p < 0.05 after permutation (see also Fig. 2B). This
was also the case when analyzing the subgroups of AD with CDR = 0/0.5
and CDR = 1/2 compared to the elderly controls on whole brain level.
On the other hand, for normalized TSC, we found widespread TSC in-
creases with a focus on temporal and occipital regions. There was no
difference on whole brain level between patients with CDR 0/0.5 and 1/
2. For atrophy clusters, significant clusters were detected for bilateral
hippocampus, parahippocampus as well as the right lateral occipital
lobe. Patients with CDR 0 and 0.5 revealed atrophy clusters in right
hippocampus and parahippocampus as well as right temporal lobe
structures, whereas patients with CDR = 1/2 showed atrophy clusters in
bilateral hippocampus, parahippocampus, right lateral occipital lobe,
bilateral insula, posterior and anterior cingulum.

3.2. ROI-based analysis

We then examined group differences at the regional level. TSC in
grey matter (GM) in AD patients was estimated at 47.9 mmol/l + 6.2
(median + SD) versus 47.5 mmol/l + 4.5 in elderly controls (zval =
0.37; p = 0.71) while TSC in white matter (WM) was 38.7 mmol/] + 5.3
in patients and 39.6 mmol/] + 3.8 in controls (zval = 0.92; p = 0.36).
Sodium content in ventricles in AD patients was 107.2 mmol/l + 11.0
compared to 102.9 mmol/l + 11.4 (zval = 1.49; p = 0.14) in elderly
controls. Younger control subjects had a median TSC in WM and GM of
34.5 mmol/l + 5.0 and 39.6 mmol/l + 4.4, respectively, and 85.7
mmol/]1 &+ 10.3 in CSF. An overview of the TSC values for different ROIs
is given in Table 2. Overall, AD patients showed increase in TSC in most
ROIs compared to elderly controls, whereas this was not the case for
regions of the basal ganglia. ROIs with increased TSC mainly concerned
temporal brain regions such as the hippocampus. When correcting for
multiple comparisons, there were no significant group differences
remaining for the quantitative TSC. For normalized TSC, most ROIs
showed highly significant group differences, as already confirmed from
our group analyses (see Fig. 3 below). An overview of the normalized

3.0 3:5
A) B)
Controls > AD with CDR 0-2

t-values

AD with CDR 0-2 > Controls
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TSC, volumetric and CT results is given in Table S1 in the supplementary
part of this manuscript.

3.3. Stage-dependent regional TSC, CT and volume alterations

We split our cohort of AD patients in a clinically less (CDR = 0 or 0.5,
n = 33) and a more affected group (CDR =1 or 2, n = 19) and compared
TSC, CT and volume in a preselection of brain regions representative for
different brain lobes and consistently affected by neurodegeneration.
We found evidence for stage-dependent TSC increases in the AD cohort
especially for temporal regions such as the hippocampus. In addition to
the temporal lobe, several brain regions from other lobes do show a
stage-dependent effect, such as the frontal lobe, basal ganglia and cer-
ebellum as well as the brain stem. For an overview, see also Figure S1 in
the supplementary material.

When comparing TSC values in the elderly population compared to
the younger controls, there are significant differences in TSC, confirming
the influence of age and volume on TSC (Thulborn et al., 2016).
Correspondingly, when considering volume and CT alterations in our
cohort, we see significant stepwise decreases in our elderly cohort
compared to our younger subjects.

3.4. Age- and volume influence on TSC

We further analyzed the influence of local brain volume, age and
gender on TSC in 3T MRI. Most ROIs revealed a significant influence
especially of age, but also of brain volume on local TSC. ANOVA showed
a significant influence of age on all brain regions except for the thal-
amus. Several regions also pointed to a significant influence of local
brain volume: hippocampus, anterior middle temporal lobe, superior
temporal gyrus, posterior temporal lobe, anterior and posterior
cingulum, superior parietal lobe and corpus callosum, the last showing
the strongest effect together with the hippocampus and the posterior
temporal lobe. Several regions also revealed an effect of gender on local
TSC (Thulborn, 2022), such as regions of the temporal lobe, but also the
middle frontal gyrus, the inferior parietal lobe and the lateral occipital
gyrus and the corpus callosum (Detailed results presented in Fig. 4 as
well as in Table S2 from the supplementary material). The same influ-
ence of gender was not observed for normalized TSC maps (Fig. S2).

In a second step, we compared residuals after regressing out the

4.0 4 5.0

)
AD with CDR 0-2 > Controls

1

AD with CDR = 0/0.5 > Controls

T I

AD with CDR = 1/2 > Controls

Controls > AD with CDR = 1/2

»*33 &%

Fig. 2. Illustration of the results from the voxel-wise analysis on whole brain level with presentation of A) TBM results, revealing significant atrophy clusters with a
main focus on temporal lobe/hippocampal regions and parietal regions. B) Illustration of voxel-wise permutation analysis on the quantification maps of TSC, with
bihippocampal cluster not surviving correction at p < 0.05; t-values here are presented uncorrected at p < 0.05, n = 2000 permutations; C) Illustration of the results
from normalized TSC-maps, revealed widespread significant clusters with increased normalized TSCs in AD compared to all controls; In sub-analyses, AD with a CDR
of 0 or 0.5 show increased clusters with a main focus on temporal, occipital and parietal lobes; AD with a CDR of 1 or 2 reveal similar clusters with also spread into
frontal regions. No significant clusters are present for the contrast CDR 0/0.5 versus CDR 1/2, showing no stage-dependent effect on whole brain voxel-level.
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Table 2

Median of TSC and standard deviation for left/right averaged ROIs of the Hammersmith atlas for younger controls (n = 14), elderly controls (n = 20), and AD patients

(n = 52).
ROI (left/right averaged) from Hammersmith or TSC median Young TSC STD Young TSC median Elderly TSC STD Elderly TSC median TSC STD
VolBrain (if noted*) atlas Controls Controls Controls Controls Patients Patients
hippocampus* 42.22 4.45 49.10 5.34 54.23 8.74
amygdala 40.79 4.69 43.77 3.91 46.89 7.92
anterior medial temporal lobe 41.52 4.13 46.19 3.44 47.61 6.70
anterior lateral temporal lobe 42.10 5.67 48.27 4.14 49.53 6.68
ambient and parahippocampus gyri 40.71 5.62 44.25 3.55 48.17 6.80
superior temporal gyrus 39.80 4.69 46.04 4.66 47.00 6.02
inferior middle temporal gyri 37.02 4.81 41.47 4.05 42.36 6.04
fusiform gyrus 38.34 4.66 41.47 4.03 43.70 6.38
cerebellum 36.21 3.78 39.47 4.34 37.82 6.17
brainstem 33.36 4.95 36.89 4.42 33.99 5.57
insula 35.81 4.77 39.71 3.70 38.26 5.41
lateral occipital lobe 38.50 4.86 42.43 3.52 43.31 6.42
anterior cinguli gyrus 37.95 4.66 44.72 4.88 43.98 6.66
posterior cinguli gyrus 37.04 4.48 44.25 4.66 44.95 6.10
middle frontal gyrus 34.91 4.66 42.14 4.50 40.28 5.51
posterior temporal lobe 38.09 4.74 42.90 3.76 44.22 6.12
inferior lateral pariatal lobe 37.64 4.44 45.39 4.44 45.75 6.45
caudate nucleus* 40.28 5.61 50.60 7.39 48.82 6.66
accumbens nucleus 33.52 5.76 37.41 6.00 37.22 8.11
putamen* 31.81 4.94 34.27 4.12 31.90 5.45
thalamus* 31.37 4.89 34.59 4.56 32.12 5.35
pallidum* 29.00 5.56 32.15 4.04 30.11 5.64
corpus callosum 35.30 6.09 43.37 6.64 43.21 8.43
precentral gyrus 32.57 4.73 40.20 4.13 37.72 5.74
gyrus rectus 44.07 5.08 50.03 4.56 49.58 7.27
orbito-frontal gyri 38.42 4.84 42.76 4.04 41.94 5.64
inferior frontal gyrus 38.18 4.79 45.10 4.77 43.92 5.64
superior frontal gyrus 36.23 4.93 43.44 4.85 41.11 5.66
postcentral gyrus 35.39 4.60 43.90 4.53 42.04 5.96
superior parietal gyrus 38.55 4.63 46.63 4.32 46.60 6.42
lingual gyrus 42.33 4.46 47.20 4.42 47.67 6.59
cuneus 43.08 4.05 48.80 4.79 49.92 7.54

effects of volume, age and gender and compared these between our
matched elderly control cohort and our patients. The parahippocampal
gyrus revealed significant differences with a higher TSC in the patients’
group compared to the controls’ group. Other brain regions of the
temporal lobe did not show group differences (Fig. S3A). In comparison,
normalized TSC still showed influence of age and volume on several
brain regions, but not of gender (Fig. S2). Furthermore, when regressing
out the effect of volume, age and gender, normalized TSC revealed
significant group differences in all temporal regions, except for the
hippocampus (Fig. S3B).

3.5. Association between TSC increase and cognition in AD patients

In our voxel-wise regression model for MoCA ~ Sodium +
Anatomical + Age + Gender, cognition represented by MoCA score is
predicted by increased TSC in left temporal lobe, comprising hippo-
campus, parahippocampus as well as lateral structures of the temporal
lobe (see also Fig. 5). Analysis on normalized TSC yielded similar results
in our voxel-wise regression analysis.

3.6. High discriminative potential of normalized TSC between elderly
controls and prodromal AD patients

When comparing normalized TSC regional maps in 8 regions from
the Hammersmith atlas inside the temporal lobe (hippocampus, anterior
medial and lateral temporal lobe, parahippocampus, superior temporal
gyrus, inferior middle temporal gyrus, fusiform gyrus and posterior
temporal lobe) between different patients’ groups with CDR 0, CDR 0.5
and CDR 1 or 2, we state discriminative potential of normalized TSC
between elderly control subjects and preclinical patients. After correc-
tion for multiple comparisons, most regions reveal a trend of signifi-
cance for the comparison between elderly controls and preclinical

patients with a CDR of 0, except for the posterior temporal lobe,
revealing a significant effect (zval = 2.72; p = 0.032). In some regions,
normalized TSC is further increasing along with disease progression
represented by the CDR score (Fig. 6).

In a second step, we performed ROC-analyses to evaluate the
discriminative potential of normalized TSC by comparing ROIs in the
temporal lobe between elderly controls and patients at earliest stages of
the disease (CDR 0 and CDR 0.5). For hippocampus, highest AUC was
present for volume (0.88), normalized TSC yielded an AUC of 0.81.
Interestingly, for other regions of the temporal lobe, normalized TSC
surpasses volume and CT, such as for the anterior middle temporal lobe
and seems to have a more widespread discriminative potential with AUC
ranging between 0.76 and 0.82 in the temporal lobe (see Fig. 7).

3.7. Association of hippocampal TSC with CSF dementia marker

We did not find significant associations between normalized hippo-
campal TSC, and CSF markers (amyloid-1-42, amyloid-42/40-ratio,
phospho-tau, tau). This was also the case for [Nat] in CSF of the ven-
tricles (both for quantitative as well as normalized TSC maps).

4. Discussion

In this work, we present data from a 2>Na-MRI study on a large and
well-characterized sample of AD patients performed on a clinical 3T
whole-body scanner. Next to quantitative TSC maps, we performed an
analysis of normalized TSC maps, which was introduced to reduce the
influence of the inter-individual-variability observed in the quantitative
TSC maps in our group analysis. This variability could find its source in
the fact that the physiological concentration of sodium in CSF follows a
characteristic chronobiological rhythm which, in addition to the modest
SNR available at 3T, may hinder a quantitative analysis of TSC changes
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0.05, otherwise not significant after correction for multiple comparison.
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Fig. 5. Cluster results from the voxelwise regression analysis on the model MoCA ~ Sodium + Anatomical + Age + Gender. Negative t-values in the left temporal
lobe point to a negative association in this region from TSC, with increased TSC implying a lower MoCA score. Results are presented RFT-corrected at p < 0.05.
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Fig. 6. Boxplots representing the median normalized TSC values across eight selected ROIs (hippocampus, anterior medial temporal lobe, anterior lateral temporal
lobe, parahippocampus, superior temporal gyrus, inferior middle temporal gyri, fusiform gyrus, post. temporal lobe) for young controls (blue), elderly controls
(green), patients with CDR = 0 (yellow), patients with CDR 0.5 (red), patients with CDR = 1 or 2 (purple). *** p < 0.001; ** p < 0.01 * p < 0.05, t. = trend, n.s. = not
significant, no correction for multiple comparisons. Differences between elderly controls and patients with CDR = 0.5 and CDR = 1 or 2 are all significant, which is
not separately illustrated here. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

at the group level. A standard voxel-wise morphological study is pre-
sented as well.

Globally, we show that both quantitative as well as normalized TSC
in AD patients are focally increased predominantly in regions of the
temporal lobe with especially normalized TSC indicating a stage-
dependent elevation of TSC levels: a pattern that we also observed
under 7 T magnetic field condition (Haeger et al., 2021). Interestingly,
when comparing TSC results with a younger control cohort to examine
age-related effects, we found an increase of TSC with age independently
of normalization.

We further specifically analyzed the influence of local brain volume,
age, and gender in multiple regression models on local TSC in detail and

confirm an influence mainly of the factors age and brain volume on local
TSC in several brain regions, which seem to affect mainly quantitative
TSC rather than the normalized TSC.

When linking TSC increase with cognition, we saw that increased
TSC in the left temporal lobe is associated with lower MoCA score, i.e.
worse cognition in our patients’ group, independently of normalization.

For normalized TSC, which seems to be a more robust approach at
3T, we found that it displays an interesting ability to discriminate less
affected patients with a low CDR of 0 and 0.5 from cognitively healthy
elderly controls, making it a potentially powerful early imaging
biomarker.
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Fig. 7. ROC analysis with presented AUC for TSC (black), normalized TSC (NormTSC) (blue), Cortical Thickness (CT) (red), Normalized Volume (VolNorm) (green)
in regions of the temporal lobe (Hippocampus, anterior medial temporal lobe, anterior lateral temporal lobe, parahippocampus, superior temporal grus, inferior
middle temporal gyrus, fusiform gyrus, posterior temporal lobe) from the hammersmith/VolBrain atlases for effectiveness of discrimination between controls and
cognitively less affected AD patients (CDR 0 or 0.5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

4.1. TSC increase in AD at 3T

This is the first 2>Na-MRI study of a large cohort of 52 well-classified
AD patients at 3T. So far, there have been two previous 2>Na-MRI studies
at 3T on few patients with AD which did not perform quantification but
compared direct intensities from Z*Na-imaging (Mellon et al., 2009;
Mohamed et al., 2021). One of the most important issues to be taken into
consideration in 2’Na-MR imaging are partial-volume effects, especially
in neurodegeneration which is prone to volume loss and therefore to
strong influences coming from the high sodium concentration in CSF, an
aspect which has rarely been tackled in 2>Na-MRI-studies before. In fact,
to compensate for the low SNR of 2Na-MRI performed at 3T, acquired
images have relatively low resolutions (4 mm isotropic resolution) and
are more prone to partial volume effects.

Furthermore, we present an additional normalization step derived
from PET imaging analyses (de Souza et al., 2011; Goutal et al., 2020;
Nugent et al., 2020) to reduce inter-individual variability in our sample
and to therefore improve sensitivity of the technique at 3T. In such a
way, we detected increases of normalized TSC on a whole brain level
with a focus on temporal and occipital lobes. At the ROI-level, we found
normalized TSC increases in most brain regions typically affected by AD
pathology except for subcortical regions. It is therefore advisable to
perform a normalization of TSC, at least when there is a risk of high
interindividual-variability, to take into account lower SNR and possible
circadian rhythm effects which might be due to different acquisition
time points across the day (Harrington et al., 2010). Normalization to an
intracerebral brain region therefore resolves these effects and, as we can
show, is clinically more powerful in discriminating between control
subjects and only mildly affected patients with CDR of 0/0.5. Similar to
PET-imaging, we also performed normalization to a brain region less
prone to AD-pathology, i.e. the brainstem. We did not choose e.g. the
ventricles, since CSF sodium values have also recently been detected to
change in AD-pathology and those at risk for it (Babic Leko et al., 2021;
Souza et al., 2020).

4.2. Influence of local volume, age and gender on TSC

In our multiple regression analysis, local brain volume, age, and
gender were significant predictors for TSC for most of the selected ROIs.
Volume loss is a direct consequence of neurodegeneration. It is therefore
not surprising that brain volume is associated with increased TSC as a
parameter for possible disturbed cell homeostasis in this region. Thul-
born et al. (2016) closely analyzed this aspect at 9.4 T and showed,
thanks to the high-resolution images that they obtained, that no change
in TSC depending on age is found in brain tissues. However, the same
study also showed a progressive increase of CSF in the brain. Therefore,
it cannot be ruled out that the TSC increase that we observed was driven
by the low resolution of sodium images in combination with increased
volume loss. Particularly at 3T with a resolution of 4 mm, partial volume
effects due to an increase of extracellular space can rule in when
regarding the interaction of atrophy and TSC increase. The effect of
gender might also be related to different brain volumes (Ritchie et al.,
2018; Ruigrok et al., 2014) but might also go beyond with a relation to
metabolic differences between the female and male brain (Feng et al.,
2022; Malpetti et al., 2017). The effect of gender on cell volume fraction
(CVF) was also recently discussed by Thulborn, 2022. Nevertheless,
when regressing out the factor brain volume, as well as age and gender,
we still observed group differences for normalized TSC showing that
effects go beyond volume-influences.

4.3. TSC as possible negative predictor for cognition

We performed a voxel-wise regression analysis to examine the as-
sociation of TSC with the MoCA score, and included the factors brain
volume, age and gender in our regression model. We found that
increased TSC in the left temporal lobe is associated with cognitive
decline in our AD cohort, represented by a lower MoCA score. Previous
literature has already pointed to an asymmetrical distribution of AD
pathology (Raji et al., 2008; Weise et al., 2018) and since the MoCA is a
language-focused test, it might explain the left-dominant lateralization.
This is also confirmed by the fact, that except for one patient reporting to
be ambidextrous and two patients reporting to be left-handed, all
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participating patients from our sample were right-handed and only one
elderly control subject was ambidextrous.

4.4. Normalization of TSC leading to high discriminative potential

Finally, we moved back from quantification and set our focus on
normalized TSC for reduction of inter-subject variability. Furthermore,
sodium follows a circadian rhythms (Harrington et al., 2010). With the
normalization methods, we could reduce these possible inter-individual
fluctuations, which are likely at different acquisitions times. Interest-
ingly, we observed an improved separation between the different stages
(Fig. 6). This is also reflected by our ROC-analysis (Fig. 7). We found that
for the hippocampus, the AUC for volume was still higher than for TSC.
However, for other regions of the temporal lobe, there was a higher AUC
for TSC compared to volume and cortical thickness. One can assume that
hippocampal volume is a powerful driver of stage-prediction, as we have
seen from previous studies (Coupé et al., 2019; Mungas et al., 2005).
TSC, in contrast, seems to be a more general predictor of AD progression
since it reveals relatively high AUCs compared to volume and cortical
thickness also in other brain regions of the temporal lobe. This more
widespread discriminative power of TSC outside the hippocampus could
be due to the fact that disturbances in tissue homeostasis might precede
the onset of significant atrophy. An increase in TSC has already been
confirmed in post mortem examinations of brain tissue of AD patients
(Graham et al., 2015; Vitvitsky et al., 2012) and in AD patients at risk
(Babi¢ Leko et al., 2021; Souza et al., 2020).

There are several possible explanations for sodium increase in AD.
One possibility is that there is already a failure in mitochondrial energy
synthesis, leading to a lack of adenosine-triphosphate (ATP) finally
resulting in malfunctions of the Na*/K"-ATPase which is essential for
maintaining the cellular resting potential. This would be in concordance
with the observations of TSC increases in other diseases with known
mitochondrial deficits such as e.g. Huntington’ s disease (Damiano et al.,
2010; Jodeiri Farshbaf and Ghaedi, 2017; Reetz et al., 2012) and could
also explain why there would be a strong association with age and brain
volume, since mitochondrial function is declining with aging possibly
due to accumulated stress from reactive oxygen species (Haas, 2019; Sun
et al., 2016). Another possible influence remains the increasing volume
loss during aging. Therefore, we calculated the residuals without influ-
ence of age, gender and volume. Interestingly, TSC increase in the hip-
pocampus seems to be especially driven by these factors, maybe also due
to the general high-volume loss of the hippocampus in AD. We did not
find any correlation between TSC in the hippocampus or the ventricles
and the CSF biomarkers for dementia, though. However, this might also
be due to the fact that CSF markers were assessed during the diagnostic
process and not necessarily at the same time point as the MRI
assessment.

One of the contributions of this study is the possibility of using
normalized TSC as a robust biomarker to discriminate very mildly
affected AD patients from elderly controls. Indeed, we observed a
promising statistical trend of significance (after correction for multiple
comparisons) in the normalized TSC values from temporal ROIs between
elderly controls and the subgroup of AD patients with CDR 0 despite its
small size (n = 8).

One of the main challenges of 2>Na-MRI are partial volume effects.
These are especially manifest in studies of neurodegenerative diseases
for which there are large CSF volume increases and concomitant brain
volume loss. So far, most studies on 2*Na-MRI have not considered
partial volume effects. Next to a partial volume correction, we also
performed a thorough coregistration and masked for CSF to exclude
possible intensity influences coming from CSF. Still, there might be a
remaining impact, which cannot be ruled out, especially under lower
magnetic field conditions compared to ultra-high field (Haeger et al.,
2021). The etiology of TSC increase in AD therefore needs to be further
scrutinized, e.g. by brain tissue multi-compartment modelling of its
sodium content.
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5. Conclusions

We here present results from a 2>Na- multimodal MR imaging study
at 3T in a large sample of 52 AD patients, and 34 cognitively healthy
subjects. We show that under 3T magnetic field strength, normalization
of TSC may allow for a better discrimination between elderly control
subjects and mildly affected patients as compared to quantitative TSC
measurements. In several regions of the temporal lobe, normalized TSC
has an even higher discriminative power compared to classical tools of
volume and cortical thickness assessment. Interestingly, TSC is strongly
age- and volume-driven and is linked to the cognitive decline of patients.
TSC might therefore serve as a potential marker of cellular energy
depletion and disturbed homeostasis, associated with the different states
of cognitive decline. TSC could therefore be useful in clinical trials for
the evaluation of intervention effects, with a potential metabolic focus.
The etiology of TSC increase, its relation to the hypometabolism and its
role in the pathophysiology of AD need to be further examined in further
studies.
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