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Abstract

BACKGROUND:Associations between longitudinal changesof plasmabiomarkers and

cerebral magnetic resonance (MR)-derivedmeasurements in Alzheimer’s disease (AD)

remain unclear.

METHODS: In a study population (n= 127) of healthy older adults and patients within

the AD continuum, we examined associations between longitudinal plasma amyloid

beta 42/40 ratio, tau phosphorylated at threonine 181 (p-tau181), glial fibrillary acidic
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protein (GFAP), neurofilament light chain (NfL), and 7T structural and functional MR

imaging and spectroscopy using linear mixedmodels.

RESULTS: Increases in both p-tau181 and GFAP showed the strongest associations to

7TMR-derivedmeasurements, particularlywith decreasing parietal cortical thickness,

decreasing connectivity of the salience network, and increasing neuroinflammation as

determined byMR spectroscopy (MRS) myo-inositol.

DISCUSSION: Both plasma p-tau181 and GFAP appear to reflect disease progression,

as indicated by 7T MR-derived brain changes which are not limited to areas known to

be affected by tau pathology and neuroinflammation measured by MRS myo-inositol,

respectively.

KEYWORDS

7 Tesla, Alzheimer’s disease, amyloid beta 42/40, blood-based biomarkers, functional mag-
netic resonance imaging, glial fibrillary acidic protein, memory, mild cognitive impairment,
magnetic resonance imaging, magnetic resonance spectroscopy, neurofilament light chain, Neu-
roMET Memory Metric, plasma biomarkers, subjective cognitive decline, tau phosphorylated at
threonine 181

Highlights

∙ This study leverages high-resolution 7T magnetic resonance (MR) imaging and MR

spectroscopy (MRS) for Alzheimer’s disease (AD) plasma biomarker insights.

∙ Tau phosphorylated at threonine 181 (p-tau181) and glial fibrillary acidic protein

(GFAP) showed the largest changes over time, particularly in the AD group.

∙ p-tau181 and GFAP are robust in reflecting 7TMR-based changes in AD.

∙ The strongest associations were for frontal/parietal MR changes andMRS neuroin-

flammation.

1 INTRODUCTION

Due to their limited accessibility, high cost, and risk profile, alternatives

to biomarkers measured in cerebrospinal fluid (CSF) or by positron

emission tomography (PET) are needed for earlier diagnosis as well as

monitoring the effects of disease-modifying treatments in Alzheimer’s

disease (AD). Plasma biomarkers are suitable for identifying amyloid

or tau pathology, and cognitive decline.1–3 Therefore, the Alzheimer’s

Association encourages the careful usage of plasma biomarkers for

categorization, diagnosis, and staging.4,5

There is evidence indicating that theplasmaamyloidbeta (Aß)42/40

ratio decreases in incipient stages of the disease and quickly reaches

a plateau.3 The cause of this plateau remains unclear and there is

concern that the initial decrease might be too subtle on an individual

level and hidden behind low accuracy for specific measurement meth-

ods of Aß42/40.6 Complementary information is therefore necessary

to draw meaningful inferences from plasma Aß42/40 concentrations.

It has been suggested that plasma tau phosphorylated at threonine

181 (p-tau181) and plasma glial fibrillary acidic protein (GFAP) grad-

ually increase with amyloid and tangle deposition.7,8 The combination

of decreasing Aß42/40 and increasing p-tau181 and GFAP therefore

seems promising for the identification and prediction of AD pathol-

ogy even in early stages such as subjective cognitive decline (SCD)

or mild cognitive impairment (MCI). In addition, plasma neurofila-

ment light chain (NfL) has been shown to increase with worsening AD

pathology.9 However, NfL levels need to be interpreted cautiously due

to their strong association with age and other neurological diseases.10

While studies have shown promising associations between AD-related

plasma biomarkers and PET measurements,11 there are suggestions

that plasma Aβ and p-tau may not directly reflect cerebral amyloid and

p-tau, respectively.12

It is therefore of interest to further explore the association between

AD-related plasma biomarkers and other neuroimaging modalities.

Structural magnetic resonance (MR) imaging (MRI), functional MRI

(fMRI), and MR spectroscopy (MRS) offer detailed insights into brain

changes in AD. Neurodegeneration due to AD measured by MRI and

connectivity measured by fMRI were shown to be associated with AD-

related plasma biomarkers.13–16 Although structural and fMRI do not

directly reflect amyloid and tau pathology, distinct distribution pat-

terns of amyloid and tau deposition can be taken into consideration.

In the early stages of AD, amyloid plaques predominantly accumulate

in frontal and parietal areas17 while tau depositions on the other hand

start accumulating in the inferior and lateral temporal lobes.18 Addi-

tionally, MRS can be used to examine biochemical changes in AD.19,20
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Myo-inositol is a glial metabolite, primarily found in astrocytes.20

Myo-inositolmeasured byMRS is expected to increasewith glial prolif-

eration andactivation, reflecting neuroinflammatoryprocesses related

to amyloid pathology.20–22 N-acetylaspartate (NAA) is a neuron-

specific metabolite primarily found in the neuronal cell body, axons,

and dendrites.20 In MRS studies, it is widely used as a marker of neu-

ronal integrity, with concentrations typically higher in gray matter

regions and declining with age, potentially reflecting reduced neu-

ronal density or function.23 Studies have linked myo-inositol increase

and NAA reduction to AD-related brain pathology21,22,24,25 and cog-

nitive decline.21,26 However, the association between MRS data and

AD-related plasma biomarkers remains to be explored.

This study aimed to contribute to the understanding of the associ-

ation between brain changes assessed through 7 Tesla (7T) MRI and

MRS and alterations in the plasma biomarkers Aß42/40, p-tau181,

GFAP, and NfL. Magnetic field strengths of 7T or more provide supe-

rior spatial resolution and an improved signal-to-noise ratio, resulting

in more robust and reliable results.20,27 Using the data of a cohort

including cognitively healthy (HC) older adults, and individuals with

SCD, MCI, or AD, we hypothesized that (1) MRI-derived markers of

neurodegeneration and connectivity predominantly in areas of early

amyloid (frontal/parietal) and tau (medial temporal lobe) accumu-

lation are reflected by changes of plasma Aß42/40 and p-tau181,

respectively; and (2) MRS-derived biochemical brain changes related

to neuroinflammation (myo-inositol) and neuronal integrity (NAA) are

reflected by changes of plasma GFAP and NfL, respectively. Associ-

ations between cognition and plasma biomarkers were assessed for

comparability.

2 METHODS

2.1 Study design and participants

Data were acquired in the projects 15HLT04 NeuroMET28 and

18HLT09 NeuroMET2,29 which both aimed to improve diagnosis and

management of neurodegenerative diseases using high-quality and

standardized measurement methods. Participants (n = 127) between

55 and 84 years of age were tested repeatedly from visit 1 to up to

four follow-up visits as indicated in Table 1. Participants were strat-

ified into the groups HC, SCD, MCI, and dementia due to suspected

AD by an experienced team of neurologists, neuropsychologists, and

researchers, based on neuropsychological test results and clinical eval-

uation including CSF results when available (HC and SCD n = 0, MCI

n= 13, AD n= 21). Exclusion criteria comprised history of drug/alcohol

abuse or eating disorders, and severe or untreated medical, neuro-

logical, or psychiatric diseases which could potentially interfere with

cognition. The main reasons for dropping out before the end of the

project period were lack of ability to consent due to advanced AD

(n = 18), lack of motivation (n = 29), other severe diseases (n = 9), and

death (n = 2). All visits comprised a standardized medical interview,

neurological examination, and extensive neuropsychological testing.

RESEARCH INCONTEXT

1. Systematic review: Traditional sources for review of lit-

erature and meeting abstracts were used. While there

is a vast amount of literature on plasma biomarkers

in Alzheimer’s disease, only a few address their rela-

tionship to changes measured by magnetic resonance

(MR)-based markers of neurodegeneration, connectivity,

and neuroinflammation. These relevant references are

appropriately cited.

2. Interpretation:Our results suggest that plasma biomark-

ers, particularly tau phosphorylated at threonine 181 and

glial fibrillary acidic protein but not amyloid beta 42/40

are associated with 7T MR-derived changes of neurode-

generation, connectivity, and neuroinflammation. Largest

effects were found for areas related to amyloid pathol-

ogy, that is, frontal and parietal regions (parietal corti-

cal thickness, connectivity of the salience network), or

neuroinflammation (MR spectroscopy myo-inositol). This

contributes to previous literature suggesting that plasma

biomarkersmight not exclusively be related to their direct

counterparts of cerebral deposition.

3. Future directions: The article proposes a further critical

examinationof the relationshipbetweenplasmabiomark-

ers and brain changes on a regional level.

At visit 1 and some follow-up visits, participants underwent blood

collection, 7T structural and fMRI, and MRS. All participants were

White and native German speakers and gave written informed con-

sent before participation in the study. The study was approved by the

ethics committee of the Charité university hospital (EA1/197/16 and

EA2/121/19) and was conducted in accordance with the Declaration

of Helsinki.

2.2 AD-related plasma biomarkers

The plasma biomarkers p-tau181, Aß42, Aß40, NfL, and GFAP were

measured in one batch on the Simoa HD-X machine with a 4×
onboard dilution, using the commercially available kits NEUROL-

OGY 4-PLEX E (Aß40, Aß42, GFAP, NfL, #103670) and p-tau181

advantage kit V2 (#103714) at the Neurochemistry Lab, Amster-

dam. Measurements of Aß40, Aß42, GFAP, and NfL were performed

in singlicate, p-tau181 measurements were performed in duplicate

and showed an average coefficient of variation% of 5.1 (range:

0.1%–19.2%) between replicates. Inter-assay quality was monitored

using two in-house–generated pools of plasma samples. To ensure

the quality of the longitudinal measurements, blood samples were

all analyzed in one batch. Participants were fasting before sample

collection.
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TABLE 1 Observations grouped by diagnosis and visit.

HC SCD MCI AD

Visit 1

n 35 35 30 27

Visit 2

n 27 33 17 25

Time [years] 1.0 (0.0) 1.0 (0.1) 1.0 (0.1) 1.1 (0.2)

Visit 3

n 20 11 5 8

Time [years] 3.0 (0.2) 3.0 (0.4) 3.0 (0.2) 2.9 (0.4)

Visit 4

n 16 8 3 4

Time [years] 4.1 (0.2) 4.2 (0.1) 4.1 (0.2) 3.9 (0.2)

Visit 5

n 5 3 0 1

Time [years] 5.2 (0.1) 5.2 (0.2) 5.1 (0.0)

Note: The time difference from visit 1 is presented as mean (SD). Fur-

ther statistical models might contain fewer observations according to data

availability.

Abbreviations: AD, Alzheimer’s disease; HC, healthy control; MCI, mild

cognitive impairment; SCD, subjective cognitive decline; SD, standard

deviation.

2.3 Cognition

Memory ability was assessed by the recently developed NeuroMET

Memory Metric (NMM). The NMM is a composite metric that com-

prises 57 dichotomous items in a bank of items carefully selected from

legacy short-term memory tests linking language- and cultural-free

items (blocks, digits) to more complex word-recalling items.30 It was

developed as a part of the NeuroMET projects and has been demon-

strated to have superior accuracy compared to previous memory met-

rics without jeopardizing validity.31 Executive function was assessed

by a composite score defined by the mean of the z transformed values

for semantic fluency (animals), phonemic fluency (s-words, according

to Morris et al.32), completion time for the Stroop test C,33 com-

pletion time for the Trail-Making Test Part B (TMT-B,34), and digit

symbol substitution (WechslerAdult Intelligence Scale,35). Amaximum

of twomissing itemswere allowed for the composite score of executive

function.

2.4 Structural MRI

Using a 7T whole-body scanner (Magnetom 7T, Siemens Healthi-

neers), high-resolution structural cerebral images were acquired using

a three-dimensional T1-weighted magnetization-prepared 2 rapid

acquisition gradient echoe sequence (MP2RAGE,36) with a denoised

reconstruction,37 using the following parameters: repetition time/echo

time (TR/TE) = 5000 ms/2.51 ms, TI1/TI2 = 900 ms/2700 ms, band-

width = 250 Hz/Pixel, α1/α2 = 7◦/5◦, 0.75 mm isotropic resolution,

field of view (FoV) 240 × 240 × 180 mm3, generalized autocalibrat-

ing partial parallel acquisition (GRAPPA) acceleration factor 2, 32

reference lines, 11minutes 17 seconds total acquisition time.

The pipeline for (pre-)processing of the images was published

in a previous publication38 and the code is available on GitHub.39

Briefly, we used the open-source FreeSurfer 7.1.1 image analysis suite

(MartinosCenter for Biomedical Imaging,MassachusettsGeneralHos-

pital, http://surfer.nmr.mgh.harvard.edu/,40) to segment the acquired

T1 weighted images. For participants who had performed multiple

visits, measurements were further processed using the longitudinal

FreeSurfer pipeline. For this study, we selected the thickness of the

regions of interest (ROIs) of the parietal lobe (superior and inferior

parietal, supramarginal, postcentral, precuneus, and posterior cingu-

late cortex [PCC]) and the volume of the hippocampus (extracted

from the subfield pipeline). Examples of segmentation results are

shown inFigure1. Segmentationswere visually inspected andexcluded

when quality was not sufficient. Parietal thickness was defined as the

weighted average of the thickness of the mentioned ROIs belonging to

the parietal lobe, using the surface as a scaling factor with the formula:

parietal thickness = ΣROI (ROI thickness × ROI area)/ΣROI (ROI area).

Hippocampus volume was adjusted to the individual total intracranial

volumes (TIV) and normalized to the mean TIV of the HC group (mean

TIV) according to Voevodskaya et al.41 using the formula: adjusted vol-

ume = raw volume − b × (TIV—mean TIV), where the coefficient b

represents the slope of the regression between the hippocampus vol-

ume and the TIV of healthy participants. For the analyses in this study,

left and right measurements were summed to provide one single value

for each of the two structural MR-derivedmeasures.

2.5 MRI

Blood oxygen level–dependent (BOLD) data were acquired using

a multiband multislice gradient echo–echo planar imaging (EPI)

sequence42,43: TR/TE = 2200 ms/28.2 ms, echo spacing = 0.97 ms,

1.5 mm isotropic resolution, FoV = 240 × 240 × 120 mm3, flip

angle = 66◦, GRAPPA acceleration factor 2, 32 reference lines, multi-

band factor 4, 300 measurements. The axial slices were oriented

parallel to the imaginary line from the commissura anterior to the

commissura posterior, and subjects were instructed to lay still with

their eyes closed and to let their mind wander. An additional B0 map

(TR/TE1/TE2= 500ms/5ms/7.02ms, 3mm isotropic resolution) using

the same B0 shim settings and orientation was acquired for distor-

tion correction. Data were preprocessed with fMRIPrep v20.1.1,44

denoised usingNiLearn v0.10.1.45 The code for our pipeline is available

on GitHub.46

The functional connectivities were extracted using the Schaefer

Atlas 2018 (7 Networks, 400 ROIs,47) using Pearson’s correlation as

a connectivity measure. The connectivity matrices were extracted as

z scores using NiLearn. Connectivity values of ≤ 0 were excluded and

the lower triangular matrix was selected for each subject. From the

matrix, functional connectivity values were extracted for the ROIs

of the default mode network (DMN) and the salience network (Sal;
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F IGURE 1 Structural MR images and spectra from participants from the clinically defined groups HC (age= 61), SCD (age= 62), MCI
(age= 70), and AD (age= 66) using a 7Twhole-body scanner (Magnetom 7T, SiemensHealthineers). Structural data were acquired by T1-weighted
MP2RAGE and segmented by FreeSurfer 7.1.1. For this study, we selected the thickness of the ROIs of the parietal lobe (superior and inferior
parietal, supramarginal, postcentral, precuneus, and PCC) and the volume of the hippocampus (extracted from the subfield pipeline, Figure 1
shows the left hippocampus). MRS data onmyo-inositol and NAA concentration were acquired in a 20× 20 × 20mm3 MRS volume-of-interest
positioned in the sagittal PCC/precuneus region (see the red square in the inlet) using the SPECIAL sequence and the software LCModel v6.3. AD,
Alzheimer’s disease; HC, healthy control; MCI, mild cognitive impairment; MP2RAGE, magnetization-prepared 2 rapid acquisition gradient echo
sequence;MR, magnetic resonance;MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate; PCC, posterior cingulate cortex; ROIs,
regions of interest; SCD, subjective cognitive decline; SPECIAL, spin echo full intensity acquired localization.

Figure 2) and were averaged for each of the two networks. Data from

two observations were excluded because of insufficient data quality

(i.e., failed co-registration, suspicious connectivity matrix).

2.6 MRS

The 20 × 20 × 20 mm3 MRS volume of interest was positioned in

the sagittal PCC/precuneus region (see inlet in Figure 1). Localized

radio frequency calibration and second order B0 shimming48,49

were performed before single-voxel spectra were acquired using the

spin echo full intensity acquired localization (SPECIAL) sequence50

with interleaved outer volume suppression and variable power

and optimized relaxations delays (VAPOR)51 water suppression

(TR/TE = 6500 ms/9.0 ms, number of acquisitions = 64, number

of sample points = 2048, acquisition duration = 512 ms, excitation

bandwidth = 4000 Hz, water suppression bandwidth = 60 Hz).

Additionally, a non–water-suppressed spectrum was acquired

for reference (number of acquisitions = 4; otherwise identical

parameters).

The MRS raw data were preprocessed using a MATLAB-based

in-house developed reconstruction algorithm. At first, each odd acqui-

sition was averaged with the next even acquisition, to obtain a fully

localized spectrum. Subsequently, a weighted, phase-corrected coil

combination was performed, before the remaining fully localized sig-

nals were frequency aligned to the NAA methyl peak at 2.00 ppm and

finally averaged.

The preprocessed spectra were analyzed using LCModel v6.352

with a simulated basis set, generated in VeSPA v0.9.3.53 Example

spectra are shown in Figure 1. After absolute quantification, thewater-

scaled measurements for myo-inositol and NAA comprised partial vol-

ume correction.54 Additionally, Cramér-Rao lower bounds (CRLBs,55),
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F IGURE 2 Glass brains to visualize the default mode network (left) and salience network (right). ROIs were defined using the 7 networks, 400
ROIs Schaefer Atlas.34. ROIs, regions of interest.

indicators for individual measurement uncertainty, were extracted

from the LCModel output files.

2.7 Statistics

Statistical analyseswere performed using R v4.0.2,56 using the lme4,57

emmeans,58 and tidyverse59 packages. The full reproducible code is

available elsewhere.60 No adjustment for multiple testing was applied

except for Tukey post hoc tests after group comparisons. Therefore, P

valuesmust be interpretedwith caution. Interpretationof results is pri-

marily based on effect estimates and corresponding 95% confidence

intervals (CIs). All models with MRS concentrations (myo-inositol and

NAA)wereweighted based onCRLBs as suggested in previouswork.61

Group differences were tested using the Kruskal–Wallis rank-sum

test (continuous demographics), Pearson chi-squared test (dichoto-

mous demographics),multiple regression adjusted for age (MR-derived

biomarkers), or adjusted for age and years of education (cognition).

Cross-sectional group differences (Tukey adjusted) and group-wise

longitudinal course of plasma biomarkers and outcome variables were

explored using linear mixed models adjusted for age (model 1). Cross-

sectional and longitudinal associations between plasma biomarkers

and outcome variables (MR-derived measurements or cognition) were

examined similarly by linear mixed models, across the total study pop-

ulation adjusting for age, sex, and education (model 2). Models are

explained in detail in the supporting information (Appendix S1).

To compare the associations between plasma biomarkers and the

AD-related outcome variables, we transformed the concentration of

plasma biomarkers and outcome (MR-derived measurements or cog-

nition) to z scores based on the mean and standard deviation (SD)

of the HC group. Therefore, effects are reported as standardized ß

coefficients (std. ß). For ease of interpretation of interaction effects in

model 2, we report yearly changes of the outcome for three discrete

yearly changes of plasma biomarkers: (1) stable HC mean (“normal

stable”), (2) stable HC mean – 1 SD (for Aß42/40) or HC mean + 1

SD (for p-tau181, GFAP, NfL; “abnormal stable”), and (3) change from

normal to abnormal (“normal⇒ abnormal”). Yearly changes of the out-

come measurements of > ± 0.1 SD toward the pathological direction

were considered relevant and discrete values are listed in Table S4 in

supporting information.

3 RESULTS

3.1 Characteristics of the study sample

Group-wise number of included observations per visit for the 127 par-

ticipants is presented in Table 1. Table 2 presents the participants’

characteristics and measurements at visit 1. Participants of the AD

group were on average older than participants of the other groups

and there were fewer female participants in the MCI group than in

the remaining groups. There were more carriers of apolipoprotein E

(APOE) ε4 in theMCI andADgroup compared to the other groups. Cog-

nitive functions measured by the Mini-Mental State Examination,62

NMM, and executive function were gradually lower in the AD group.

On average, participants from the SCD group showed values similar to,

or better than, the HC group. To enhance the comprehensibility of the

dataset, a correlation matrix was included in the supporting informa-

tion (Figure S2), showing how age, education, cognition, and imaging

biomarkers related to each other.

3.2 Plasma biomarkers: cross-sectional
concentrations and longitudinal trajectories

Concentrations of plasma Aß42/40, p-tau181, GFAP, and NfL at visit 1

can be found alongside the demographics in Table 2, and visualized in

Figure S1 in supporting information. At visit 1, the AD group showed

similar concentrations as the HC group for Aß42/40 (model 1, Tukey

adjusted mean difference [95% CI] = −0.007 pg/mL [−0.014; 0.001],
P = 0.102), but higher p-tau181 (1.39 pg/mL [0.56; 2.22], P < 0.001),

GFAP (120 pg/mL [71; 169], P < 0.001), and NfL (19 pg/mL [8; 29],

P< 0.001). Neither the SCD norMCI groups showed significant differ-

ences in the concentrations of any of the plasma biomarkers compared

to HC (P> 0.150).

The longitudinal trajectory of the plasma biomarkers is shown in

Figure 3. The steepest decrease of plasma Aß42/40 was found in the

SCD group (model 1); however, the effect was small, with large uncer-

tainties (Figure 3). Overall, only plasma p-tau181 showed a substantial

yearly increase in the SCDgroup. TheADgroup, but not theMCI group,

showed a relevant increase in concentrations of p-tau181, GFAP, and

NfL.
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8690 GÖSCHEL ET AL.

TABLE 2 Participants’ characteristics at visit 1.

Diagnosis at visit 1

Total HC SCD MCI AD

N= 127 N= 35 N= 35 N= 30 N= 27 p-value

Demographics

Age [years] 72 (7) 71 (8) 69 (7) 71 (6) 75 (6) 0.005

Female 63 (50%) 18 (51%) 22 (63%) 8 (27%) 15 (56%) 0.027

Education [years] 15 (3) 15 (3) 16 (2) 15 (3) 14 (3) 0.212

APOE ε4 carrier 52 (41%) 9 (26%) 11 (31%) 17 (57%) 15 (56%) 0.018

MMSE 27.26 (3.46) 28.97 (1.07) 29.00 (0.97) 27.07 (2.16) 22.68 (4.74) <0.001

Nmissing 2 0 0 0 2

Cognition

NMM 0.00 (1.05) 0.60 (0.51) 0.65 (0.80) −0.33 (0.65) −1.25 (0.92) <0.001

Executive function −0.64 (1.24) 0.01 (0.74) 0.21 (0.58) −1.16 (1.06) −2.04 (1.11) <0.001

Nmissing 1 0 0 0 1

StructuralMRI

Hippocampus [mm3] 2652 (439) 2875 (306) 2909 (336) 2512 (382) 2187 (315) <0.001

Nmissing 17 3 6 5 3

Parietal cortical thickness [mm] 2.20 (0.13) 2.22 (0.10) 2.23 (0.10) 2.16 (0.10) 2.15 (0.20) 0.031

Nmissing 18 3 7 4 4

fMRI

DMN connectivity 0.33 (0.05) 0.33 (0.05) 0.34 (0.04) 0.32 (0.04) 0.32 (0.05) 0.093

Nmissing 14 3 5 2 4

Sal connectivity 0.35 (0.05) 0.35 (0.05) 0.38 (0.04) 0.35 (0.06) 0.32 (0.05) <0.001

Nmissing 14 3 5 2 4

MRS

Myo-inositol [mmol/L] 7.57 (1.44) 7.23 (1.01) 6.85 (1.09) 7.64 (1.33) 8.75 (1.68) < 0.001

Nmissing 11 3 5 2 1

NAA [mmol/L] 15.12 (1.76) 15.57 (1.66) 14.89 (1.42) 15.01 (2.22) 14.94 (1.66) 0.334

Nmissing 11 3 5 2 1

Plasma biomarkers

Aß42/40 [pg/mL] 0.065 (0.011) 0.067 (0.012) 0.067 (0.013) 0.063 (0.010) 0.060 (0.009) 0.043

p-tau181 [pg/mL] 2.47 (1.47) 2.08 (1.01) 1.81 (0.62) 2.63 (1.39) 3.68 (2.03) <0.001

GFAP [pg/mL] 148 (90) 107 (47) 120 (48) 144 (77) 241 (119) <0.001

NfL [pg/mL] 25 (18) 19 (9) 20 (7) 23 (10) 40 (31) <0.001

Note: Mean (SD) or N (%) are shown for the total study population and the individual groups. Group differences were tested using the Kruskal–Wallis rank-

sum test (continuous demographics), Pearson chi-squared test (dichotomous demographics), multiple regression adjusted for age (MR-based and plasma

biomarkers), or adjusted for age and education (cognition). The statistical models forMRS data (myo-inositol and NAA) were additionally weighted based on

an estimation of measurement uncertainties of MRS concentrations (Cramér-Rao lower bounds). Group differences with p-values < 0.05 are presented in

bold. APOE ε4 carriers were identified using TaqMan assays.

Abbreviations: Aß, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; DMN, default mode network; fMRI, functional magnetic resonance imag-

ing;GFAP, glial fibrillary acidic protein;HC, healthy control;MCI,mild cognitive impairment;MMSE,Mini-Mental StateExamination;MR,magnetic resonance;

MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartic acid; NfL, neurofilament light chain; NMM, NeuroMET

MemoryMetric; p-tau181, tau phosphorylated at threonine 181; Sal, salience network; SCD, subjective cognitive decline; SD, standard deviation.
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GÖSCHEL ET AL. 8691

F IGURE 3 Description of longitudinal concentration changes of plasma Aß42/Aß40, p-tau181, GFAP, and NfL. In the SCD group, only plasma
p-tau181 showed a relevant yearly increase. The AD group, however, showed substantially increasing concentrations of p-tau181, GFAP, andNfL.
Concentrations weremeasured at visit 1 (n= 127), and when available at follow-ups after 1 year (n= 32), 3 years (n= 44), 4 years (n= 31), and 5
years (n= 9). The thin lines link individual concentrations at each available visit. The linear fits are presented with 95%CI (shaded areas) estimated
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8692 GÖSCHEL ET AL.

3.3 7T structural and fMRI and MRS:
cross-sectional and longitudinal measurements

MR-derivedmeasurements and cognition at visit 1 can be found along-

side the demographics in Table 2. At visit 1, the AD group showed

smaller hippocampus volumes (model 1, Tukey adjusted mean dif-

ference [95% CI] = −614 m3 [−391; −837], P < 0.001), and higher

myo-inositol (1.41 [0.51; 2.30], P < 0.001), but similar parietal corti-

cal thickness (−0.06 mm [−0.15; 0.02], P = 0.231), DMN connectivity

(0.00 [−0.04; 0.03], P = 0.987), Sal connectivity (−0.03 [−0.06; 0.01],
P = 0.174), and NAA (−0.60, [−1.77; 0.58], P = 0.552) compared to the

HC group. The SCD group showed similar or betterMR-derived values

compared to the HC group (Table 2).

The longitudinal trajectories of measurements of cognition, struc-

tural and fMRI, and MRS are shown in Figure 4. While MR-derived

measurements generally tended to worsen toward the AD group, the

amount of longitudinal data for both MCI and AD groups was lim-

ited. To mitigate potential biases due to small sample sizes and the

mismatch between clinical diagnosis and underlying brain pathology,

further analyses of the relationships between MR-derived measure-

ments and plasma biomarkers were conducted independently of the

clinical diagnoses (model 2).

3.4 Cross-sectional association between
MR-derived measurements and plasma biomarkers

Using linear mixed models (model 2), we found multiple relevant asso-

ciations between plasma biomarkers and MR-derived measurements

at visit 1, as indicated in Figure 5 and Table S2 in supporting infor-

mation. However, contrary to our first hypothesis, neurodegeneration

and connectivity in areas of early amyloid (parietal cortical thickness,

Sal connectivity) and tau accumulation (hippocampus volume, DMN

connectivity) were not associated with plasma Aß42/40 or p-tau181,

respectively. Instead, we observed that smaller hippocampus volume

and parietal cortical thickness were only associatedwith plasmaGFAP.

Connectivity of theDMNshowednoassociationwith anyof theplasma

biomarkers, while Sal connectivity was associated with p-tau181. Fur-

ther, in line with our second hypothesis, higher myo-inositol and lower

NAA were associated with higher levels of plasma GFAP and NfL,

respectively. However, higher myo-inositol was also associated with

higher p-tau181 and NfL, and lower NAA was also associated with

higher GFAP.

In summary, of all models revealing substantial associations

between plasma biomarkers and MR-derived measurements, the

largest effect sizeswere consistently found for either plasma p-tau181

(Sal connectivity, myo-inositol) or GFAP (hippocampus volume, pari-

etal cortical thickness, NAA). Notably, associations between plasma

Aß42/40 and MR-derived measurements showed large 95% CIs,

indicating higher uncertainty in its relationships to all MR-derived

measurements compared to p-tau181, GFAP, and NfL. However,

without exception, associations to plasma biomarkers were by far

stronger for memory ability measured by the NMM than for any of

the MR-derived measurements. Effect sizes for the association to

the NMM reached ≈ 2-fold (p-tau181, NfL) or 4-fold (GFAP) greater

magnitudes than for the associations to anyMR-derivedmeasurement.

3.5 Longitudinal association between plasma
biomarkers and MR-derived measurements

We further explored whether MR-derived measurements were

reflected by plasma biomarker changes over time. Interaction effects

(plasma biomarkers × time) are reported in Table S3 in supporting

information. To ease interpretation of interaction effects, we report

estimates for yearly changes of cognition or MR-derived measure-

ments for three defined scenarios of plasma biomarker change after

1 year: (1) participants who present stable concentrations similar to

the HC mean (“normal stable”), (2) participants who present stable

concentrations similar to HC mean ± 1 SD toward the pathological

direction (“abnormal stable”), and (3) participantswhose concentration

change from the HCmean to ± 1 SD toward the pathological direction

(“normal ⇒ abnormal”). Figure 3 visualizes the concentrations that

were considered to be normal (HC mean) and abnormal (± 1 SD). The

results of all estimations are shown in Figure 6 with accurate values

presented in Table S4.

We found several relevant associations (yearly changes > 0.1 SD)

for a plasma biomarker change normal ⇒ abnormal, with strongest

effects between yearly changes of parietal cortical thickness, connec-

tivityof Sal, andmyo-inositol andplasmap-tau181orGFAPas reported

in the following sections. However, yearly changes of NMM, that is,

memory ability, were again larger than changes of any of the MR-

derived measurements: Declining memory ability was associated with

increased p-tau181 (−0.45 SD [−0.75;−0.16], P< 0.001), GFAP (−0.59
SD [−0.82; −0.35], P < 0.001), and NfL (−0.38 SD [−0.62; −0.15],
P< 0.001), but not Aß42/40 (−0.17 SD [−0.62; 0.28], P= 0.759).

3.5.1 Neurodegeneration and decreasing
connectivity reflected by increased plasma p-tau181,
GFAP, and NfL

Yearly changes in parietal cortical thickness and Sal connectivity were

not associated with normal ⇒ abnormal plasma Aß42/40 (parietal

by linear mixedmodels adjusted for age. For later interpretation of themodels, orange lines represent themean of the HC group at visit 1
(continuous line) and 1 SD toward the pathological direction (dashed line). Aß, amyloid beta; AD, Alzheimer’s disease; CI, confidence interval;
GFAP, glial fibrillary acidic protein; HC, healthy control; MCI, mild cognitive impairment; NfL, neurofilament light chain; p-tau181, tau
phosphorylated at threonine 181; SCD, subjective cognitive decline; SD, standard deviation.
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GÖSCHEL ET AL. 8693

F IGURE 4 Description of longitudinal changes of cognition, structural and fMRI, andMRS. The thin lines link individual measurements in their
individual unit at each available visit. The linear fits are presentedwith 95%CI (shaded areas) estimated by linear mixedmodels adjusted for age.
Models including theMRS parameters myo-inositol and NAAwere additionally weighted based on ameasure of uncertainty (CRLB). Although on
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8694 GÖSCHEL ET AL.

cortical thickness −0.21 SD [−0.52; 0.11], P = 0.337, Sal connectiv-

ity −0.06 SD [−0.30; 0.18], P = 0.902), and changes in hippocampus

volume and DMN connectivity were not associated with normal ⇒

abnormal plasma p-tau181 (hippocampus volume −0.05 SD [−0.18;
0.09], P = 0.786). Thus, neurodegeneration and decreasing connec-

tivity in frontal/parietal or medial temporal lobe regions were not

reflected by changes in plasma Aß42/40 or p-tau181, respectively.

Although not associated with the hypothesized respective plasma

biomarkers, neurodegeneration and decreasing connectivity were

associated with changes in plasma p-tau181, GFAP, and NfL. Specifi-

cally, decreasing hippocampus volume was associated with normal ⇒

abnormal plasma GFAP (−0.14 SD [−0.26; −0.01], P = 0.023), and

decreasing parietal cortical thickness was associated with normal ⇒

abnormal plasma p-tau181 (−0.27 SD [−0.50;−0.04], P= 0.014), GFAP

(−0.25 SD [−0.44; −0.07], P = 0.003) and NfL (−0.19 SD [−0.37;
−0.02], P= 0.027). Further, decreasing Sal connectivity was associated

with normal ⇒ abnormal plasma p-tau181 (−0.34 SD [−0.53; −0.16],
P< 0.001), GFAP (−0.19 SD [−0.35;−0.03], P= 0.014), and NfL (−0.18
SD [−0.35;−0.01],P=0.030). Consistentwith the cross-sectional anal-

ysis, changes in DMN connectivity were not associated with any of the

plasma biomarkers, and normal⇒ abnormal plasma Aß42/40 was not

associated with changes in any of theMR-derivedmeasurements.

3.5.2 Neuroinflammation indicated by increasing
MRS myo-inositol reflected by increased plasma GFAP

Increasing myo-inositol was associated with normal ⇒ abnormal

plasma GFAP (0.22 SD [−0.01; 0.42], P = 0.036), and potentially with

normal⇒abnormal plasmap-tau181 (0.24SD [−0.01; 0.48],P=0.063),

although not reaching significance. However neuronal integrity esti-

mated by decreasing MRS NAA was not associated with plasma NfL

(−0.07 SD [−0.22; 0.08], P= 0.613) or any other plasma biomarker.

4 DISCUSSION

In this observational study,we explored the associations betweenmea-

surements of (1) 7T MRI-derived neurodegeneration and connectivity

of areas of early amyloid or tau deposition, and plasmaAß42/40 and p-

tau181, respectively, and (2) neuroinflammation andneuronal integrity

indicated by 7TMRS and plasmaGFAPandNfL, respectively. Neurode-

generation and decreasing connectivity were associated with increas-

ing plasma p-tau181, GFAP, and NfL; however, these associations were

not exclusive to the hypothesized MR-derived measurements. Neu-

roinflammation assessed through MRS myo-inositol was reflected by

plasma GFAP. Despite generally showing small effect sizes, plasma

NfL, along with GFAP, reflected neuronal integrity assessed through

MRS NAA, but this was observed only in the cross-sectional analysis.

Notably, associations between Aß42/40 and all 7T MRI-derived mea-

surements were weak and presented large 95% CIs, suggesting a lack

of robustness in the relationship between plasma Aß42/40 and MR-

derived brain changes.Overall, plasma p-tau181 andGFAP showed the

most robust associationswithMR-derivedmeasurementsbeyond their

hypothesized correspondingMR-derivedmeasurements.

We aimed to understand cross-sectional and longitudinal associ-

ations of plasma biomarkers with 7T MR-derived measurements for

neurodegeneration, functional connectivity, neuroinflammation, and

neuronal integrity, which typically become abnormal in AD. The mag-

netic field strength of 7T enhances the precision of MRI andMRS data

by providing superior spatial resolution and an improved signal-to-

noise ratio, resulting in more robust and reliable results. Contrary to

our first hypothesis, neither parietal cortical thickness nor decreased

connectivity of the Sal network, both of which include areas of

early amyloid aggregation, were associated with plasma Aß42/40. All

cross-sectional and longitudinal associations between 7T MR-derived

measurements and plasma Aß42/40 were consistently weaker and

presented larger 95% CIs than for p-tau181 and GFAP (Figures 5

and 6), which is in line with previous studies.3 The lack of associa-

tions for plasma Aß42/40 might be due to plasma Aß42/40 levels

reaching a plateau by the time MR-derived measurements become

abnormal, while changes in p-tau181 and GFAP occur closer to emerg-

ing changes of MR-derived measurements. The large 95% CIs might

indicate limited accuracy for plasma Aß measurements, particularly

by single molecule array, as previously observed.63 Alternatively, they

may reflect a discordance between cerebral and plasma amyloid lev-

els, potentially influenced by confounding peripheral factors such as

bodymass index, and kidney and liver function.64 The data of this study

therefore support the use of plasma p-tau181 andGFAPover Aß42/40

for monitoring the progression of AD.

Although decreased hippocampus volume anddecreasedDMNcon-

nectivity (including areas typically affected by tau depositions) were

not associated with increased plasma p-tau181 as hypothesized, we

found other relevant associations between 7T MR-derived measure-

ments and plasma p-tau181. Plasma GFAP, which was related to

neuroinflammation indicated by MRS myo-inositol as hypothesized,

showed additional relevant associations with other 7T MR-derived

measurements. An exploratory analysis in the supporting information

further indicates that higher plasma GFAP was only significantly asso-

ciated with smaller hippocampus volume among individuals classified

average, the HC, SCD, andMCI groups showed stable cognition over time, there were changes in hippocampus volume, parietal cortical thickness,
salience network connectivity, myo-inositol, and NAA. Besides a substantial cognitive decline in the AD group, individuals showed a decrease in
hippocampus volume and salience network connectivity. Due to the small sample size for longitudinal data and the grouping being based on clinical
and not pathological diagnostics, further models of associations betweenMR-derivedmeasurements and plasma biomarkers did not include
groups. AD, Alzheimer’s disease; CI, confidence interval; CRLB, Cramér-Rao lower bound; fMRI, functional magnetic resonance imaging; HC,
healthy control; MCI, mild cognitive impairment; MRI, magnetic resonance imaging;MRS, magnetic resonance spectroscopy; NAA,
N-acetylaspartic acid; NMM, NeuroMETMemoryMetric; SCD, subjective cognitive decline; thickn., thickness; vol., volume.
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GÖSCHEL ET AL. 8695

F IGURE 5 Cross-sectional associations between concentrations of plasma Aß42/40, p-tau181, GFAP, andNfL and z transformed parameters
of cognition, structural and fMRI, andMRS (at visit 1). Largest effect sizes were consistently found for either p-tau181 or GFAP. Effects for
Aß42/40were smaller with large uncertainties. Effects for NMM, that is, memory ability, were considerably larger than for any of theMR-based
parameters. Depending on data availability, observations of a maximum of 127 participants were included. The effects are presented with 95%CI
(horizontal bars) estimated by linear mixedmodels adjusted for age, sex, and education. Models including theMRS parameters myo-inositol and
NAAwere additionally weighted based on ameasure of uncertainty (CRLB). Connectivity measures for the DMN and Sal were acquired at resting
state. Aß, amyloid beta; CI, confidence interval; CRLB, Cramér-Rao lower bound; DMN, default mode network; fMRI, functional magnetic
resonance imaging; GFAP, glial fibrillary acidic protein; MR, magnetic resonance;MRI, magnetic resonance imaging;MRS, magnetic resonance
spectroscopy; NAA, N-acetylaspartic acid; NfL, neurofilament light chain; NMM, NeuroMETMemoryMetric; p-tau181, tau phosphorylated at
threonine 181; Sal, salience network.

as p-tau positive but not p-tau negative (Figure S4, Table S4), which

confirms GFAP’s role in AD pathology versus normal aging. Associa-

tions between p-tau181 or GFAP and neurodegeneration of temporal

regions including the hippocampus have previously been shown to be

relevant65 but have been usuallyweak.3,13,66 Longitudinal associations

between hippocampus volume and plasma p-tau181 were not sub-

stantial in a previous study.65 While we did not have data quantifying

cerebral tau depositions, some previous studies support the theory

that plasma p-tau181 and GFAP do not specifically reflect tau aggre-

gation or neuroinflammation, respectively: Although plasma p-tau181

was shown to correlate with post mortem tangle load1 and cortical tau

protein deposition measured by 18F-flortaucipir PET,67 it was shown

to be equally1 or even more closely12 associated to amyloid pathology

post mortem or per PET, respectively. Moscoso et al.7 suggested that

increasing plasma p-tau181 is associated with widespread cortical Aß

pathology andprospective tau aggregation (after≈6years) rather than

momentary tau aggregation. Plasma GFAP, on the other hand, showed

heterogeneous results, for example, being only associated with tangle

but not amyloid pathology1 or vice versa.68 Plasmap-tau181andGFAP

might therefore be less specific to changes resulting from actual tau

deposition and rather represent effects of disease progression in terms

of Aß pathology and subsequent neuroinflammatory processes.

Although lower NAA was associated with higher plasma NfL cross-

sectionally, decreasing NAA over time was not reflected by normal⇒

abnormal plasmaNfL,whichonly partially confirmsour secondhypoth-

esis. MRS NAA has been reported to be decreased due to AD and is

thought to be a marker of neuronal integrity.20 In the present dataset,

however, particularly in individuals of the MCI group, there was no

decrease in NAA over time as presented in Figure 4, possibly due to

the limited amount of longitudinal MRS data for this group. These

findings suggest that larger longitudinal samples are needed to con-

firm the relationship between NAA changes and plasma NfL levels in

neurodegenerative diseases.

Additionally, longitudinal models showed negligible changes in the

7T MR-derived measurements for participants with stable plasma

biomarkers irrespective of the level at visit 1 (normal or abnormal).

MR-derived measurements were primarily associated with the change

in plasma biomarker concentrations (normal ⇒ abnormal). Detrimen-

tal brain changes without changing plasma biomarkers might point to

other causes than AD. Our results, therefore, indicate that single mea-

surements of plasma concentrations might not be sufficient to predict

brain changes and long-term observations seem appropriate for early

diagnosis, a hypothesis to be evaluated in future longitudinal studies

with larger cohorts.
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8696 GÖSCHEL ET AL.

F IGURE 6 Yearly change of cognitive, structural, and fMRI, andMRS parameters depending on changes of plasma Aß42/40, p-tau181, GFAP,
and NfL. To allow for comparison, all parameters were z-transformed. Yearly changes were estimated for discrete changes of plasma biomarker
concentrations after 1 year: stable concentrations of themean of theHC group (normal stable, blue), change of concentration from themean of the
HC group to 1 SD toward the pathological direction as indicated in Figure 1 (normal⇒ abnormal, red), stable concentrations of 1 SD toward the
pathological direction (abnormal stable, blue). Depending on data availability, a maximum of 127 participants with 243 observations were
included. The effects are presentedwith 95%CI estimated by linear mixedmodels adjusted for age, sex, and education. Models including theMRS
markers myo-inositol and NAAwere additionally weighted based on ameasure of uncertainty (CRLB). Aß, amyloid beta; CI, confidence interval;
CRLB, Cramér-Rao lower bound; DMN, Default mode network; fMRI, functional magnetic resonance imaging; GFAP, glial fibrillary acidic protein;
HC, healthy control; MRI, magnetic resonance imaging;MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartic acid; NfL, neurofilament
light chain; NMM, NeuroMETMemoryMetric; obs., observations; part., participants; p-tau181, tau phosphorylated at threonine 181; Sal, salience
network; SD, standard deviation.

Ultimately, associations between MR-derived measurements and

plasma biomarkers were considerably weaker than the association

between memory ability measured by the NMM and plasma biomark-

ers. A strong association between AD-related plasma biomarkers

and memory functions has been reported before3 but has not been

compared toMR-derived associations.Note that participantswith nor-

mal stable concentrations of p-tau181 showed a substantial yearly

improvement in memory ability, which may be due to learning effects.

For participants with abnormal, stable concentrations of plasma p-

tau181, memory ability did not improve. This suggests that initial

concentrations (normal or abnormal) are relevant for predicting mem-

orydecline, but not changes inMR-derivedmeasurements as discussed

before. Alternatively, the discrepancy in effect sizes between mod-

els of memory ability and any of the MR measurements could be

due to improved accuracy of the memory measurement chosen in

our study as previously reported.31 Another possible reason might be

the difference in statistical power due to differences in the number

of observations for measures of cognition versus MR data (sam-

ple sizes are reported in Figures 5 and 6). Furthermore, Figure 4

shows available data points and visualizes that particularly the MCI

and AD groups lack data points for MR-derived measurements but

not cognition, possibly leading to a mismatch for the samples of the

models. Consequently, we refrain from drawing any finite conclusion

from the relatively larger effect sizes for memory ability compared to

MR-derivedmeasurements and encourage further studies.

This study has limitations that should be considered. First, amyloid

status by CSF or PETwas not available for all individuals, most notably

for HC and SCD, which are the stages in which we would expect the

strongestdecreaseofplasmaAß42/40. Especially theSCDgroupmight

be a heterogeneous group with mixed causes for their subjective cog-

nitive decline. Although the results of this study therefore represent

a valuable setting more closely related to real life than a controlled

study environment, the presented group-wise effects (model 1) might

be more pronounced in cohorts with only AD biomarker positive par-

ticipants. To prevent bias, we performed the main analysis (model 2)

independent of the grouping, that is, across the whole cohort. Second,

changes in plasma biomarker concentrations in early stages seem to

be subtle65,69 and therefore some associations might require larger

data sets to reach significance. Larger sample sizeswould also allow for

the exploration of plasma biomarker trajectories beyond the assump-

tion of a linear course, and consider subtypes, for example, individuals

with pronounced versus subtle changes could be examined separately,

enabling personalizedmedicine. Nevertheless, the study aimed to opti-

mize robustness byusinghigh-resolutionMRdata and can thereforebe

used to reach relevant conclusions.

5 CONCLUSION

Overall, our results suggest that 7TMR-derivedmeasurements indica-

tive of AD progression are reflected by plasma p-tau181 and GFAP,

while effects are not limited to brain changes in areas of early

tau deposition or neuroinflammation measured by MRS myo-inositol,

respectively. The relationship between brain changes and plasma
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biomarkers in AD appears to be complex, indicating the need for

further investigation into their underlying mechanisms and clinical

implications.
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