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Abstract

The pathophysiological processes underlying the development and progression of

Alzheimer’s disease (AD) on the neuronal level are still unclear. Previous research has

hinted at metabolic energy deficits and altered sodium homeostasis with impaired

neuronal function as a potential metabolic marker relevant for neurotransmission in

AD. Using sodium (23Na) magnetic resonance (MR) imaging on an ultra-high-field 7

Tesla MR scanner, we found increased cerebral tissue sodium concentration (TSC) in

17 biomarker-defined AD patients compared to 22 age-matched control subjects in

vivo. TSC was highly discriminative between controls and early AD stages and was

predictive for cognitive state, and associated with regional tau load assessed with

flortaucipir-positron emission tomography as a possible mediator of TSC-associated

neurodegeneration. TSC could therefore serve as a non-invasive, stage-dependent,

metabolic imaging marker. Setting a focus on cellular metabolism and potentially dis-

turbed interneuronal communication due to energy-dependent altered cell homeosta-

sis could hamper progressive cognitive decline by targeting these processes in future

interventions.
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1 INTRODUCTORY NARRATIVE

1.1 Background

Recent technological andmethodological advances have improved the

availability of biomarkers allowing an early identification of the spe-

cific pathology underlying Alzheimer’s disease (AD).1 Standard mag-

netic resonance imaging (MRI) can detect AD-typical patterns of mor-
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phological changes of the brain, such as hippocampal atrophy or

microbleeds.2 Further, positron emission tomography (PET) in com-

bination with specific radiotracers provides early information about

regionally reduced glucose metabolism as well as amyloid and tau

deposits.3–5 So far, however, many diagnosticmarkers have lacked pre-

dictive value for cognitive decline. Additionally, even if such imaging

markers can support diagnosis, the understanding of pathological pro-

cesses underlying the development and progression of dementia is
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still insufficient, hindering the development of successful therapeutic

concepts.

Recently, non-invasive measurements of the brain tissue sodium

(Na+) concentration (TSC) from 23Na-MRI have become increasingly

available due to technical and methodological improvements and

have already been successfully applied to investigate sodium alter-

ations in different diseases such as tumors and neurodegenerative or

chronic inflammatory diseases.6–10 In contrast to classical 1H-MRI,
23Na-MRI sets its focus on sodium changes as an early hallmark of

neurodegeneration.

Sodiumdepicts apotentially interestingmarkerof cellularmetabolic

state: its transmembrane ion gradient defines the neuronal resting

potential maintained by the cellular Na+/K+-ATPase (NKA), which is

highly dependent on energy in the form of adenosine triphosphate

(ATP). This resting potential is crucial for cell homeostasis and success-

ful neurotransmission. Disturbances in this overall cascade of energy

synthesis on mitochondrial level, NKA, and ion channels for stabilizing

cell homeostasis can lead to increased intracellular sodium concentra-

tion with a breakdown of the resting potential, which finally results in

impaired neurotransmission and ultimately cell death.6,10–12

In the context of AD, baseline studies have indeed shown a close

interplay between the pathological hallmarks of AD, that is, amyloid

beta (Aβ) deposits and tau tangleswith theNKA indiseasemodels.13–16

Correspondingly, sodium and potassium concentration imbalances

have been detected in post mortem brain tissue, and increased sodium

concentrations have also been found in blood plasma of AD patients

and in cerebrospinal fluid (CSF) of those at risk.17–20

These findings point to the hypothesis that local sodium concen-

tration changes detected in vivo by 23Na-MRI might be useful as an

early marker of neuronal dysfunction in AD, which could be associated

with cognitive decline, and to investigate the crucial interplay between

metabolic deficiency as a potential consequence of energy deficits and

AD-related amyloid and tau pathologies. This type of imaging goes

beyond the characteristic volumetric alterations of brain regions in AD

pathology and could point to a more substantial hypothesis of failed

neurotransmission as the basis of clinical implications. It might even be

that the vital energy breakdown at the cellular level could be consid-

ered a potential starting point due to an impairment of mitochondrial

function,21,22 possibly interacting with amyloid and tau deposits. In

particular, there are findings that the ATP-synthase, an essential pump

for ATP production as an energy source, might be affected in AD.23

Only two preliminary 23Na-MRI studies have been carried out so

far in AD, one on a small cohort of five mild AD patients,24 and one

recent study at 3 Tesla25 pointing to increased intensities from 23Na-

MRI in brain regions typically affected byAD, such as the hippocampus.

However, there have not been any previous 23Na-MRI studies so far in

ADunder technically advanced conditionswith the improved signal-to-

noise ratio (SNR), improved resolution of 7 Tesla magnetic fields, and

with aquantificationofTSCcomplementedbyhigh-resolution 1H-MRI,

tau and amyloid PET neuroimaging as well as clinical assessment.

In the current study,weexamined17patientswithADvia 23Na-MRI

and classical 1H-MRI under ultra-high-field MR conditions at 7 Tesla.

AD subjects also received [11C]-PIB and [18F]-flortaucipir PET for

quantificationof regional amyloid and tau load.Amatched control sam-

RESEARCH INCONTEXT

1. Systematic Review: The authors performed a review of

the literature using common sources such as PubMed.

Post mortem studies in Alzheimer’s disease (AD) have

indicated sodium increases and possible interactions

between amyloid and tau with the energy-dependent

Na+/K+-ATPase. In vivo studies in linewith these findings

are still lacking.

2. Interpretation: Our findings support the hypothesis of a

link between brain tissue sodium increases and the pro-

gression of AD-specific pathophysiology and cognitive

decline.

3. Future Directions: The article proposes a framework for

the continuing exploration of this hypothesis via the con-

duction of additional, longitudinal neuroimaging stud-

ies. Future directions include the evaluation of 23Na-

MRI (magnetic resonance imaging) as a stage-dependent

marker of AD, and exploration of the association with

local hypometabolism and AD pathology. As a possible

metabolic imaging marker, 23Na-MRI could support the

understanding of reduced neurotransmission and moni-

tor disease conversion and progression.

ple of 22 cognitively healthy control subjectswas also included. All sub-

jects also received neuropsychological assessment. At the whole-brain

level, we indeed found increased TSC in several brain regions of AD

patients, such as regions of the temporal and parietal lobes, as typically

affected by neurodegeneration. These regions did not always overlap

with atrophy clusters that were computed in parallel. Apart from TSC

increases in our patients’ cohort, we further investigated which fac-

tors influence regional sodium increases. We found that TSC is indeed

predictive for cognitive state, evaluated via a cognitive screening test,

the Montreal Cognitive Assessment (MoCA), and can be further influ-

enced by local brain volume, age, and sex. TSC in the fusiform gyrus, a

brain region in the temporal lobe, has furthermore higher sensitivity in

discriminating between mildly affected patients and healthy controls

compared to grade of atrophy.

1.2 Study conclusions and implications

Our study therefore points at a TSC imbalance accompanying the neu-

rodegenerative process in AD in vivo. This finding confirms observa-

tions from post mortem studies18,26 and the recent detection of sodium

increases in AD patients and subjects at risk.19,20 Interestingly, TSC

can be highly discriminative between control subjects and only mildly

affected patients in temporal regions such as the fusiform gyrus and

is predictive for cognitive state. TSC might therefore serve as a non-

invasive and powerful marker of brain dysfunction even in early stages
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of the disease and could therefore be valuable, for example, as an out-

come parameter for intervention trials.

What could be the neuropathological basis of the observed asso-

ciation of increased TSC with cognitive impairment? Because sodium

is crucial for neurotransmission, it is likely that impairment in

interneuronal transmission due to sodium imbalance would consti-

tute a turning point for cognitive decline, possibly driven by local

hypometabolism.

In this context, we further show that both amyloid and tau load are

associated with TSC changes in AD. Notably, we found stronger asso-

ciations of TSC with tau load compared to amyloid, especially for the

fusiform gyrus as well as structures of the parietal lobe. This finding

matches with previous post mortem studies in which the Braak stage,

defined by the load of neurofibrillary tangles and representing the dis-

ease state, was associated with increased [Na+] in the parietal lobe in

AD patients.18 This would also match the finding that tangle pathol-

ogy seems to correlate more strongly with memory impairment than

amyloid load and that tau seems to spread across neurons through

neuronal connections,27 possiblymediated via amyloid.28,29 Even if we

found widespread TSC/tau and volume/tau associative patterns, the

exact nature of the interplay between sodium imbalance, or glucose

hypometabolism as reflected by fluorodeoxyglucose (FDG)-PET (e.g., if

TSCprecedes hypometabolism) and the proteinopathies inAD remains

to be elucidated.32,33

Altogether, sodium increases and therefore disturbances in the

cell homeostasis give an important view on AD. These observations

endorse the concepts that AD research should set a focus on man-

aging these energy deficits, which are occurring early in the disease

and go beyond the simple consequence of cell loss, which are seen

ultimately as atrophy in our conventional anatomical MRI. Consid-

ering that almost all energy synthesis in the brain is oxidative and

occurs in mitochondria, chronic and progressive mitochondrial dys-

function could be the starting point of this pathological process. The

hampering of the electron transport chain by the accumulation of

pathological amyloid and tau aggregates would then lead to a direct

ionic channel downregulation and a therefore self-reinforcing cascade

with a destabilized neurotransmission and the development of cogni-

tive symptoms. A comparable hypothesis has been modeled for the

case of motor neuron degeneration in amyotrophic lateral sclerosis.33

In these simulations, the reduced ATP supply led as projected to failed

K+/Na+ homeostasis and an increasingly costly action potential for

the neuron and a subsequent vulnerability. Because we also observed

sodium increases in Huntington’s disease9 and recently in Friedreich’s

ataxia, in which mitochondrial malfunction is hypothesized to play a

major role, this should lay a basis for testing in vitro and in vivo the

hypothesis of a possible common initial pathway in several neurological

diseases.
23Na-MRI gives us a great opportunity to focus attention on a

fundamental component of the disease, namely aberrations in signal

transduction and alterations of cellular energy supply. Our studymight

be a motivation to deepen this metabolic approach, due to its strong

link with cognitive decline. The exact relationship between increased

TSC and synaptic/neuronal dysfunction or glucose metabolism on

the one hand, and proteinopathies on the other hand, needs to be

further studied in larger longitudinal cohorts combining 23Na-MRI

with other imaging modalities and blood/CSF biological markers as

well as cellular models, both in AD and in other neurodegenerative

diseases. TSC might therefore have the potential of a non-invasive

and powerful marker of brain pathology even in early stages and can

therefore be valuable in translational approaches, for example, as an

outcome parameter for intervention trials34 and/or for monitoring of

treatments.

2 DETAILED METHODS

2.1 Study participants

Seventeen patients with AD (10 female, mean age 71.6 ± 7.9 years)

recruited from the memory clinic of St. Anne Hospital in Paris (France)

participated in this study. All patients and two controls were part of

the SHATAU7/IMATAU cohort.35 Diagnosis of ADwas stated in accor-

dancewith the international criteria of theNational InstituteonAging–

Alzheimer’s Association (NIA-AA) research framework.36 Twenty addi-

tional cognitively healthy control subjects were selected from the

SENIOR cohort at NeuroSpin, CEA, Paris.37 All subjects received cog-

nitive assessment, including cognitive screening tests with the Mini-

Mental StateExamination (MMSE)38 and theMoCA.39 ClinicalDemen-

tia Rating (CDR),40 verbal and visual episodic memory (Free and Cued

Selective Reminding Test [FCSRT]41 and the Rey Complex Figure Test

[RCFT]42), executive and visuo-constructive function, working mem-

ory, and gesture praxis were further assessed.

Both SHATAU/IMATAU and SENIOR studies were approved by the

local ethics committee and performed according to the Declaration

of Helsinki (EUDRACT-No.: 2014-A01676-41/2015-000257-20 and

2011-A01160-41). All participants gave written informed consent. An

overview of the study sample is given in Table 1.

2.2 1H- and 23Na-protocols

All MRI measurements were performed on an ultra-high-field 7 Tesla

whole-bodyMagnetom scanner (Siemens Healthineers).

The standard 1H-MRI session was performed using a single 1Tx-

32Rx head coil (Nova Medical). The 1H-MRI of the SHATAU pro-

tocol consisted of the acquisition of a T1-weighted anatomical

image (magnetization-prepared rapid acquisition with gradient echo

[MPRAGE], 1 mm isotropic resolution), a 3D T2* map (800 μm
isotropic resolution), and a high-resolution anatomical T2-weighted

image (0.3 × 0.3 × 1.2 mm3 resolution). For the SENIOR protocol,

a high-resolution T1-weighted anatomical image (MP2RAGE, 750 μm
isotropic resolution) was acquired as well as a 3D T2* map (800 μm
isotropic resolution).

The 23Na-MRI session was performed with a dual-resonance
1H/23Na radio-frequency bird-cage coil (Rapid Biomedical). The pro-

tocol consisted of the acquisition of two ultra-short echo-time

images at two different flip angles (FA1= 25◦ and FA2= 55◦)43

with a twisted-projection imaging (TPI) k-space encoding scheme44

(TE/TR = 0.5/20 ms; 3 mm isotropic resolution). For each FA,
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TABLE 1 Demographic data of the study sample

ADpatients Control subjects

Detailed values are given asmean± SD [min,max] n= 17 n= 22

Age, y 71.6± 7.9 [51,87] 68.9± 2.9 [63,73]

Sex F/M 10/7 13/9

Education, years 14.9± 4.7 [6,22] 14.0± 3.3 [3,18]

MMSE (/30) 19.6± 6.6 [2,29] 29.3± 0.8 [28,30]

MoCA (/30)1 16.1± 7.8 [0,29] 28.1± 1.6 [25,30]

Total Free Recall (/48) 5.9± 6.9 [0,22] 36.3± 4.3 [28,43]

ReyMemory (/36) 8.6± 9.3 [0,23] 22.8± 8.4 [8,36]

CDR= 0/0.5/1/2 0/6/9/2 22/0/0/0

CSF amyloid beta 1-42 448.5± 122.9 [260,673] –

CSF p-tau 88.5± 49.4 [33,235] –

CSF tau 636.4± 432.5 [212,1987] –

GCI 11C-PiB2 2.80± 0.59 [1.58, 3.98] 1.27± 0.07 [1.15,1.45]

APOE ε3/ε4 11 3

APOE ε4/ε4 3 1

APOE ε3/ε3 3 16

APOE ε2/ε3 0 2

Notes: Mean± SD [min, max]; altered n if applicable.

Max. MMSE score (/30); max. MoCA score (/30); Max. Total Free Recall (/48); CDR 0-2; CSF cut-off values total tau: 450 pg/mL, phospho-tau: 60 pg/mL,

amyloid 1-42: 500 pg/mL (before February 2019: ELISA Innotest; after: Cut-off at 650 pg/mLwith Lumipulse by Fujirebio).
1Score uncorrected for education, obtained on the day of the 23Na-imaging session.
2n= 15/17 for patients, n= 18/22 for control subjects.

All 22 controls fulfilled the following criteria: (1) MMSE score ≥27 and normal neuropsychological assessments; (2) no history of psychiatric or neurological

conditions; and (3) no significant amyloid retention for those who agreed in undergoing PiB-PET (n= 18/22)

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CDR, Clinical Dementia Rating; CSF, cerebrospinal fluid; ELISA, enzyme-linked immunosor-

bent assay; GCI, Global Cortical Index; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; PiB, Pittsburgh compound B; SD,

standard deviation.

four acquisition blocks of 3 minutes were performed, allowing for

motion correction and adaptation of acquisition time, if necessary,

by discarding single acquisitions. Additionally, B1 maps were esti-

mated from two ultra-short echo-time images at FAs of 120◦ and 60◦

(TE/TR = 0.5/80 ms; 6 mm isotropic resolution) to correct for residual

B1 inhomogeneities.

2.3 Data analysis

2.3.1 23Na-MRI processing and correction for
partial-volume effects

Raw k-space datasets of each acquisition block were processed

off-line. A Hamming filter was applied for Gibbs ringing removal. Suc-

cessively, each data set was reconstructed into a complex image by

a non-uniform fast Fourier transform (FFT).45 Images obtained for

each flip angle (FA1 = 25◦ and FA2 = 55◦) were then averaged sepa-

rately in complex space after rigid-body realignment. The two resulting

images were then combined according to our variable flip angle (VFA)

method43 to obtain 23NaM0 images (Figure 1).

To transform 23Na M0 images into TSC maps, four cylindrical cal-

ibration tubes filled with 2% [w/w] agarose gels of NaCl solutions

were placed within the measurement field-of-view (FOV) in parallel

and proximity (1 to 2 cm) to the subject’s head. The sodium concen-

trations of the four calibration tubes were: L1 = 51 mmol/L (0.3%

NaCl), L2 = 105 mmol/L (0.6% NaCl), L3 = 155 mmol/L (0.9% NaCl),

and L4 = 209 mmol/L (1.2% NaCl). The agarose gel was used to mimic

the relaxation times of sodium in brain tissues. Calibration tubes were

prepared at the chemistry lab of the Neurology Department of RWTH

AachenUniversity, their sodiumcontentsbeing reverified in the central

laboratory. The calibration was performed in three steps: (1) fine cal-

ibration of tube positions and extents based on automated cylindrical

fitting, (2) extraction of the distribution of M0 values within each cal-

ibration tube, (3) four-point linear regression of measured intra-tube

intensity (90th percentile of each M0 intra-tube distribution, obtained

from the empirical cumulative distribution function [ECDF]) against

reference tube sodium concentrations Li. The approach using per-

centiles was favored as a robust nonparametric approach to account

for partial volume effects and artifacts in the cylinders, and was val-

idated using independent phantom measurements. With all our lin-

ear regressions across our cohorts for calibration, R2 values were
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F IGURE 1 Overview of the processing pipeline for our multimodal imaging datasets. After reconstruction, denoising, and correction for
B1-inhomogeneity, total sodium concentrationmaps are obtained from the 23NaM0-images via a 4-point calibration (A). Tissue sodium
concentration (TSC) maps are co-registered to their corresponding T1-weigthed anatomical reference (B). Cerebrospinal fluid (CSF), white matter
(WM), graymatter (GM) segmentationmasks as well as Hammersmith and VolBrain atlas parcellation from T1-weighted anatomical reference are
calculated (C) and transformed into the original 23Na-MRI (magnetic resonance imaging) space and regional TSC values are extracted from partial
volume corrected TSC images as well as tau/amyloid values from the corresponding positron emission tomography PET images (D then E).

systematically superior to 0.98, showing good robustness with low

variance of our calibration method. An example calibration curve is

shown in Figure S1A in the supporting information.

T1-weighted images were segmented into gray matter (GM), white

matter (WM), and CSF using Advanced Normalization Tools (ANTs)

software.46 Individual TSC maps were co-registered to their T1-

weighted anatomical reference obtained from the 1H protocol with

ANTs. For optimal co-registration with the TSC maps, T1 images were

signal-inverted and down-sampled to 3mmvoxel size to resemble their

sodium counterpart. A rigid co-registrationwas then performed on the

skull-stripped brains.

One of the main imaging-related methodological challenges of
23Na-MRI is partial volume effects, leading to locally increased sodium

concentrations due to adjacent CSF structures with high sodium con-

centrations. This has not been tackled in the 23Na studies in AD so far

and is one of the central critical aspects in most 23Na studies.

In this challenge of achieving minimal influence from CSF, which is

especially important in the analysis of neurodegeneration, we further

benefit fromworking at ultra-highmagnetic field, enabling an improved

spatial resolution and sensitivity.

To further correct TSC maps from partial volume effects, a region-

based voxel-wise correction (RBV) was applied using the PETPVC

toolbox,47 to limit the influence of CSF in particular on cortical and

periventricular brain regions.

CSF-, WM-, and GM masks in 23Na-MRI space were used to form a

4Dmask fromCSF and brain tissue (WM+GM). The point-spread func-

tion (PSF) for the RBV correction was estimated from the TPI k-space

trajectories, resulting in a fullwidth at half-maximum (FWHM)of 6mm.

2.3.2 Template-based extraction of local TSC and
volumes

Region of interest (ROI)-based group analysis on cortical regions

was performed using the Hammersmith segmentation atlas.48 For

hippocampus, caudate nucleus, putamen, pallidum, and thalamus,

VolBrain segmentation was applied.49 All ROIs were masked with CSF

and analyses performed exclusively on brain tissue. Each ROI volume

was corrected for total intracranial volume (TIV). For ROI sodium

content, the median of the regional TSC distribution was extracted, to

consider the non-Gaussian distribution of the TSC signal in the ROIs.

An overview of the analysis procedure with an exemplary 23Na image

is given in Figure 1.

2.3.3 Amyloid- and tau-PET acquisitions and
processing

PET acquisitions were performed on a high-resolution research tomo-

graph (HRRT, Siemens Healthineers) at Service Hospitalier Frédéric

Joliot (SHFJ, CEA, Orsay, France) within an average of 11.8 months

(standard deviation [SD] 5.6; min. 0.6; max. 20.2 months) time gap

to 23Na-MRI acquisition using [11C]-PIB and [18F]-flortaucipir. Image

acquisitions were performed 40 to 60 minutes after injection of 341±

68 MBq of [11C]-PiB, and 80 to 100 minutes after injection of 377 ± 7

MBq of [18F]-Flortaucipir (mean± SD). For both PET scans, parametric

images were created using BrainVISA software (http://brainvisa.info)

on averaged images over the time acquisition period. Standardized

http://brainvisa.info
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uptake value ratio (SUVR) parametric images were obtained by divid-

ingeachvoxel by the correspondingvalue in the cerebellarGMas refer-

ence region,50 whichwas eroded (4mm) to avoid including the superior

part of the cerebellar vermis—a site of flortaucipir off-target binding,

and to avoid partial volume effects. As for TSC maps, regional tau and

amyloid loads were extracted from the respective GM-SUVR images

after rigid co-registration to the same T1-weighted anatomical refer-

ence and atlas parcellations. Tau and amyloid PETwere available for 15

of 17ADpatients, amyloid PETdata for 18 of 22, and tauPET for 2 con-

trol subjects.

2.4 Statistical analysis

2.4.1 Voxel-based

A voxel-based analysis on (A) TSC and (B) T1-weighted anatomical

images was performed to detect group differences on a metabolic and

structural level, respectively. The group template for this analysis was

created based on 30 randomly selected cognitively healthy subjects

from the SENIOR cohort (mean age 64.3 years; SD 6.14; 17 females)

with ANTs.

The geometric transformations obtained from the co-registration

of individual T1-weighted images to the group template were used to

transform TSCmaps from subject to template space.

For (A), a permutation analysis (n = 2,000) was performed with

BROCCOLI51 on voxels inside the brain tissue mask after smoothing

(σ= 4mm), including age and sex as covariates.

For (B), a tensor-based morphometry (TBM) analysis was per-

formed. Log Jacobians of the geometrical transformations of individ-

ual T1-weighted images to the group template were compared voxel-

wise by a permutation analysis (n= 2,000) inside the brain tissuemask,

including age, sex, and TIV as covariates.

For both analyses, resulting t-values of the cluster-based statistics

are reported at a corrected P< 0.05 level.

2.4.2 ROI-based

A ROI-based group analysis was performed to inspect our multimodal

imaging datasets. Regional TSC and normalized volume were com-

pared between patients and controls via Wilcoxon rank-sum test and

Bonferroni-Holm corrected for multiple comparisons inMATLAB (ver-

sion R2019b, MathWorks). ROIs were therefore averaged calculating

the mean between individual left and right ROIs. To further evaluate

the prediction of regional TSC via normalized volume, age, sex, and

MoCA as global cognitive parameters discriminative for both groups,

multiple regression models TSC ∼ volume + age + sex +MoCA for 25

ROIs were calculated. In a secondmodel, prediction of cognitive status

was evaluated viaMoCA ∼ subject group+ age+ sex+ TSC+ volume.

For these analyses, TSC values were z-transformed for unit mean and

variance.

2.4.3 Cluster analysis and ROC analysis

To assess if TSC was discriminative for patients in early stages of AD

compared to controls, a subset of eight key ROIs typically affected

by neurodegeneration in AD were selected: hippocampi, anterior lat-

eral temporal lobes, inferior middle temporal gyri, fusiform gyrus,

anterior cingulate gyri, posterior cingulate gyri, superior frontal, and

superior parietal gyri. k-means clustering was applied to separate the

patient group into two subgroups according to their cognitive status,

expressed by the following four cognitive parameters for classification:

(1) MMSE, (2) MoCA, (3) the total free recall score from the FCSRT,

and (4) the Rey memory score from the RCFT. FCSRT and RCFT were

used next to global cognitive parameters because memory and visuo-

construction are the main cognitive domains affected by AD. Patients

not succeeding on the FCSRT and/or the Rey memory score subtest

were scored zero (n = 5/17). Each time before applying the k-means

clustering, data was standardized. k-means was performed in Python

using Scikit-learn.52 Significancewas reported at uncorrected P< 0.05

level due to the exploratory state of this analysis.

Effectiveness of regional TSC in distinguishing between controls

and the cognitively less impaired AD patients resulting from k-means

clustering was then evaluated by receiver operating characteristics

(ROC) analysis, illustrating true positive rate (TPR) against the false

positive rate (FPR) and reporting the area under the curve (AUC) in

MATLAB.

2.4.4 Correlation analysis with PET

Because tau and amyloid load are tissue-dependent, tau/amyloid as

well as TSC (in only GM) and its corresponding GM volume were

extracted for TSC/PET correlation analysis in the patients’ group.

Correlation matrices between TSC and tau/amyloid loads as well as

regional volumeswere computed by integrating both left and right val-

ues for each ROI, using Pearson’s correlation coefficient r. In a second

step, influence of volume was considered by partial correlation. Signif-

icant results were reported at an uncorrected P< 0.05 level.

3 DETAILED RESULTS

3.1 Whole-brain TSC and atrophy patterns in AD

Voxel-based permutation analyses on TSC maps revealed widespread

significant differences with increased TSC at the whole-brain level in

ADpatients. Peak clusters of increasedTSC inADpatientsweremainly

located in brain regions typically affected by neurodegeneration such

as thebitemporal lobes, thehippocampus, precuneus, anterior andpos-

terior cingulum, as well as frontal regions.

TBM revealed peak differences of atrophy patterns in both GM

and WM structures spreading into left and right temporal lobes

and right hippocampus. Figure 2A shows an overlap of the peak
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F IGURE 2 Differences in tissue sodium concentration (TSC) and atrophy between Alzheimer’s disease (AD) patients and controls. A, Resulting
t-values from voxel-based permutation analyses on TSCmaps of 23Na-MRI (magnetic resonance imaging) from contrast AD patients> controls,
revealing several peak cluster of higher TSC in temporal, parietal, and frontal regions (red). Additionally, overlay of atrophy clusters of
tensor-basedmorphometry (TBM; green) of 1H-MRI from contrast controls>AD patients, revealing reduced volume in patients in central gray
andwhite matter structures, with bitemporal and right hippocampal regional atrophy. B, Bar plots representing: (1) the relative differences (in %)
compared to controls (100%–blue line) for TIV-corrected volumes and (2) themedian TSC (in mmol/L) between AD patients (red) and controls
(blue) with standard error of themean (SEM), revealing increased TSC inmost regions. Significant regional differences aremarked as * P< 0.05,
** P< 0.01, *** P< 0.001 after Bonferroni-Holm correction for multiple comparisons.
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F IGURE 3 A,Multiple regression analyses. T-values frommultiple regression analysis on the influence ofMontreal Cognitive Assessment
(MoCA), sex, age, and total intracranial volume (TIV)-corrected volume (VolNorm) on themedian tissue sodium concentration (TSC) values across
the 25 regions of interest (ROIs) from the Hammersmith and VolBrain atlases. T-values (–, negative and+, positive) are presented, with colors
indicating the significance level, orange when P< 0.05, yellow P< 0.01, green P< 0.001, gray when not significant. B, Influence of factors subject
group (i.e., patients or controls), TSC, sex, age, and VolNorm on cognition, represented byMoCA. See also Table S4A and S4B in the supporting
information.
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F IGURE 5 Associative patterns between tissue sodium concentration (TSC)/volume and tau/amyloid positron emission tomography (PET).
Correlationmatrices between local tau load versus TSC (A), local amyloid load (Pittsburgh compound B [PiB]) versus TSC (B), local tau load versus
local volume (C), local amyloid load (PiB) versus local volume (D), and (E-F) correlationmatrices after correction for partial correlation with local
volume. Notable correlations are reported at an uncorrected P< 0.05 level of significance and are framed in black.
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clusters derived from both analyses for TSC (in red) and atrophy (in

green) especially in temporal and parietal regions. An overview of

Montreal Neurological Institute (MNI) coordinates of peak t-values

from TSC and atrophy clusters is given in Table S1 in the supporting

information.

3.2 Influence of cognition, brain volume, age, and
sex on regional TSC

GM-TSC in patients was 41.10 mmol/L ± 4.54 (median ± SD) versus

33.47 mmol/L ± 4.26 in controls (zval = 4.06; P = 0.001) andWM-TSC

was 35.41 mmol/L ± 3.91 in patients and 31.28 mmol/L ± 3.78 in con-

trols (zval=3.02;P=0.0026), in concordance to so-far-reported physi-

ological TSCvalues. Thesedifferenceswere confirmedat regional level.

As shown in Figure 2B, AD patients presented widespread significant

TSC increases in almost all cortical ROIs, except for subcortical regions,

such as substructures of the basal ganglia. For an overview of all ROI-

TSC results, see Table S3 in the supporting information.

Concerning volume changes, significant differences (AD< controls)

were found in the hippocampus (P = 0.0022, zval = 3.92), poste-

rior temporal lobe (P = 0.0027, zval = 3.87), thalamus (P = 0.041,

zval = 3.41), putamen (P = 0.026, zval = 2.96), and the lingual gyrus

(P= 0.015, zval= 3.41).

In ourmultiple regression analysis,MoCAwas the predominant pre-

dictor for TSC for most ROIs from the temporal, frontal, and parietal

lobes as well as posterior and anterior cingulum. This was not the case

for structures of the basal ganglia as well as cerebellum and brainstem.

Interestingly, sex (female) also represented a predictor of regional TSC,

especially in superior temporal lobe, posterior cingulum, and corpus

callosum. Age was a significant predictor in mostly temporal regions.

For prediction of cognitive state (i.e., MoCA), the subject group (i.e.,

patients or controls) was the strongest predictor, as expected. High

TSC was predictive for lowMoCA score in temporal regions. High vol-

ume was predictive for better cognitive score for temporal regions, as

well as the superior parietal lobe and the caudate. Agewas further also

a significant predictor. An overview of themultiple regression results is

given in Figure 3.

3.3 Differences in TSC according to clinical status

TSC in all regions was highly discriminative between controls and the

cognitively less affected group classified via k-means (Figure 4). The

fusiform gyrus further showed a highly significant difference between

the cognitive better andworse group (P= 0.0097).

An ROC analysis for discrimination between controls and cogni-

tively less impaired AD patients (Patients A) from k-means clustering

for the fusiform gyrus, showing the highest discriminative potential,

yielded aROC-AUCAUCTSC of 0.85 (vs. AUCVolume of 0.58) and anopti-

mal operating point with TPR = 1.0 and FPR = 0.36 for a cut-off value

of 36.1 mmol/L (Figure 4). However, for the hippocampus, the AUCTSC

was on a similar level with volume, this one revealing slightly higher

AUCVolume of 0.85 versus AUCTSC of 0.81 (see also Figure S6 in sup-

porting information).

3.4 Correlation of 23Na-MRI with Tau- and
Amyloid-load

Figure 5 illustrates the correlation matrices for the association of TSC

with amyloid (PiB) and tau loads, revealing widespread positive asso-

ciative patterns between regional tau loads with TSC across the whole

brain, especially in temporal and parietal regions (matrix A). For amy-

loid load, a weaker association with TSC could be observed (matrix

B) compared to tau. Furthermore, tau load showed a stronger nega-

tive associative pattern with brain atrophy than amyloid load (matri-

ces C, D). Considering local brain volume via partial correlation analy-

sis, strong correlations between tau load and TSC persisted in several

areas, in particular in the fusiform gyrus, postcentral, and lingual gyrus

(matrix E). In a similar way, strong positive associative patterns could

still be observed between amyloid load and TSC in the fusiform gyrus

and the anterior medial temporal lobe, and parietal and frontal regions

(matrix F).
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