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Abstract

Blood-based biomarkers (BBM) are becoming easily detectable tools to reveal pathological changes in Alzheimer’s disease
(AD). A comprehensive and up-to-date overview of the association between BBM and brain MRI parameters is not avail-
able. This systematic review aimed to summarize the literature on the associations between the main BBM and MRI markers
across the clinical AD continuum. A systematic literature search was carried out on PubMed and Web of Science and a total
of 33 articles were included. Hippocampal volume was positively correlated with AB42 and AP42/AP40 and negatively with
Ap40 plasma levels. P-taul81 and p-tau217 concentrations were negatively correlated with temporal grey matter volume
and cortical thickness. NfL levels were negatively correlated with white matter microstructural integrity, whereas GFAP
levels were positively correlated with myo-inositol values in the posterior cingulate cortex/precuneus. These findings high-
light consistent associations between various BBM and brain MRI markers even in the pre-clinical and prodromal stages of
AD. This suggests a possible advantage in combining multiple AD-related markers to improve accuracy of early diagnosis,
prognosis, progression monitoring and treatment response.
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Introduction

Timely and accurate diagnosis of Alzheimer’s disease (AD)
in clinical practice is currently challenging, with misdiagno-
sis in the range of 20-25% when cerebrospinal fluid (CSF)
or positron emission tomography (PET) biomarkers are not
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study. utilized [1, 2]. Therefore, suboptimal treatment and care,
delayed or incorrect therapies, and inaccurate information
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mally integrated into the clinical diagnostic criteria for AD
in their most recent formulation [3]. However, CSF sampling
is invasive, expensive, and not suitable for screening pur-
poses. Novel ultrasensitive methods, such as single-molecule
array (Simoa) technology, allow the measurement of blood-
based biomarkers (BBM) that show moderate to good accu-
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Moreover, BBM have been recently proposed as screening
tools to detect AD in its earliest stages, before progression to
AD dementia [7]. Beta-amyloid (Ap) markers (e.g., Ap42/40
ratio), phosphorylated tau (p-tau), neurofilament light chain
(NfL), and glial fibrillary acidic protein (GFAP) are among
the most advanced BBM for AD-relevant diagnostic and
prognostic purposes [8], with p-tau showing high specific-
ity and NfL having high sensitivity values. According to
the biomarker classification proposed by Hampel et al. [9]
and referred to as the “ATNX framework™, Af biomarkers
belong to the “A” category, biomarkers of tau pathology
(i.e., p-tau isoforms) to the “T” category, biomarkers of
neurodegeneration or neuronal injury (e.g., t-tau and NfL)
to the “N” category and GFAP and other BBM to the “X”
category.

Not all BBM, however, have been found to perform
equally well. Indeed, plasma AP42 peptides are highly labile
and prone to aggregate, making their concentrations sus-
ceptible to variation in pre-analytical processing. The ratio
of AB42/APB40 in plasma may be more useful than levels
of individual AP peptides [10] for detecting abnormal AP
status in both cognitively impaired [11, 12] and cognitively
unimpaired people, even before AP positivity status can be
detected by means of Amyloid PET (AB-PET) [13]. How-
ever, the plasma-based APB42/Ap40 ratio may have lower
diagnostic accuracy than the CSF-based Ap42/Ap40 ratio,
thus representing a potential problem for its clinical appli-
cation [8].

All plasma p-tau isoforms (i.e., p-taul81, p-tau217,
p-tau231) have a high ability to discriminate AD from non-
AD NDDs with high specificity [14-19]. Recent data have
highlighted the promising performance of p-tau217 and
p-tau231 in detecting AD before its clinical manifestations
[17,20-22].

T-tau is a biomarker of neurodegeneration that reflects
the release of tau from neurons and non-specific changes
in cortical thickness, but unrelated to neuronal loss [23].
T-tau levels increase in different tauopathies, such as fron-
totemporal dementia (FTD), corticobasal degeneration, and
progressive supranuclear palsy. In the AD continuum, t-tau
is often used in ratios with other biomarkers to improve
its diagnostic specificity [24]. Given that blood NfL levels
reflect neurodegeneration severity, but not the specific etiol-
ogy, their assay is applicable to detect different NDDs, such
as amyotrophic lateral sclerosis and atypical parkinsonisms.
NfL levels have been suggested as a promising biomarker to
discriminate cognitive decline due to AD in its prodromal
or preclinical stages [25, 26], even if the validity of their
discriminatory power has not been determined for levels of
this biomarker obtained from blood [27]. This biomarker has
also been suggested to have good prognostic value in NDDs
such as Huntington's disease and Parkinson's disease [28].
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GFAP levels in the blood, instead, reflect neuroinflamma-
tion and have been found to be higher in Ap-positive than in
Ap-negative people, and in individuals with AD or mild cog-
nitive impairment (MCI) than in healthy controls (HC) [29].

Furthermore, brain parameters obtained with multiple
neuroimaging modalities, including magnetic resonance
imaging (MRI) and fluorodeoxyglucose PET (FDG-PET),
have provided possible markers of neurodegeneration with
potential for clinical applications. Indeed, although neuro-
degeneration is a non-specific marker of AD in its biologi-
cal definition [30], studies have shown that patients with
evidence of neurodegeneration have a twofold increased
risk of progression to dementia over a 5-year period than
those without [31]. In this regard, structural MRI (sMRI),
functional MRI (fMRI), diffusion tensor imaging (DTI) and
magnetic resonance spectroscopy (MRS) can detect pre-
symptomatic markers of neural alterations in cognitively
unimpaired older adults and might also be used to monitor
AD progression after its clinical onset [32], with more lim-
ited costs compared with other procedures [33].

The relationship between multiple biological and imag-
ing markers has been largely studied to evaluate whether
the combination of multiple biological variables improves
accuracy of AD diagnosis and prediction of progression to
AD dementia in cognitively unimpaired older adults and in
patients with MCI.

Recently, many studies have been conducted to assess
the association between CSF and MRI markers across the
AD continuum, revealing a strong relationship for sMRI
[34-38], DTI [39], fMRI [40, 41], and MRS [42].

In contrast, a comprehensive and up-to-date review on
the association between BBM and brain MRI parameters is
currently not available. Since the correlation between some
blood- and CSF-based biomarkers is suboptimal, especially
for AB42 [10, 43] and GFAP [44], it is possible that BBM
may provide different and/or complementary insights on the
neural alterations associated with AD in different disease
stages. Indeed, the scientific literature on this topic is fast-
growing. Simrén et al. [45] showed that plasma p-taul81
levels are increased in a subset of individuals with MCI and
AD dementia, compared with HC, and are correlated with
cognitive impairment and gray matter (GM) volume in tem-
poral regions. Moreover, Verde et al. [18] provided a short
review on the association between p-tau isoforms and neu-
roimaging features, highlighting that plasma p-taul81 levels
are negatively correlated (mainly in A-positive individuals)
with whole brain volume as well as GM volumes of several
temporo-parietal areas (i.e., hippocampus, entorhinal cortex,
precuneus, and posterior cingulate cortex), cortical thickness
of the temporal lobe and of an AD-signature region, and
fractional anisotropy (FA) values in the genu of the corpus
callosum. However, these results have been reported with-
out details relative to the cognitive status of the participants
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included in the reviewed studies. Therefore, the aim of the
present review was to expand the currently available knowl-
edge on the association between the most established BBM
of AD (i.e., Ap40, AP42/40 ratio, AB42, p-tau, NfL, GFAP)
and brain MRI parameters along the AD continuum.

Materials and methods
Search strategy

The review was carried out following the Preferred Report-
ing Items for Systematic Review and Meta-Analysis
(PRISMA) guidelines [46]. A systematic literature search
was carried independently by three authors (MM, GL and
RM) in May 2023 using two databases, PubMed and Web
of Science; any discrepancies during the screening process
were resolved through discussion. The following search
terms were used: “blood biomarker” or “plasma” or “serum”
combined with “Alzheimer’s disease” or “AD” or “Mild
Cognitive Impairment” or “MCI” or “Subjective cognitive
decline” or “SCD” and “structural MRI” or “functional
MRI” or “diffusion tensor imaging” or “MRS” or “Magnetic
Resonance Spectroscopy”. In addition, the reference lists of
the selected original articles/reviews on similar topics were
searched for additional eligible records.

Study eligibility criteria

Studies were considered eligible if they assessed the rela-
tionship between brain MRI parameters and at least one of
the following main peripheral BBM, i.e., Af, p-tau, t-tau,
NfL and GFAP, derived from patients across the AD con-
tinuum, from Subjective Cognitive Decline (SCD) to AD
dementia. The following exclusion criteria were defined
to identify all relevant studies: (1) no data on the selected
blood-based protein biomarkers; (2) no correlation reported
between blood biomarkers and MRI data; (3) meta-analysis,
review articles or study protocols; (4) studies that included
only cognitively unimpaired older adults; (5) studies that
included patients with other neurological conditions; (6)
animal studies; (7) molecular imaging studies; (8) non-
peer reviewed articles; (9) articles written not in English;
(10) case reports. Year of publication was not considered
as inclusion/exclusion criterion, as we aimed to capture all
existing research in this field.

Study selection

The initial literature search produced a total of 1683 records
of which 310 were duplicate publications that were found in
both the PubMed and Web of Science databases. Following
removal of duplicates, 1373 records were screened by title

and abstract; in addition, 48 more records were identified
through other sources (i.e., the reference lists of selected
original articles and papers/reviews on a similar topic) and
added to the screening process. A total of 157 full-text
reports were retrieved and assessed for eligibility. Based on
the inclusion/exclusion criteria, 124 articles were excluded
for the following reasons: 54 studies did not include data
on the selected blood-based protein biomarkers; 62 did not
report correlations between BBM and MRI data; 4 reported
data from meta-analyses, review articles or study protocols;
3 studies included only cognitively unimpaired older adults;
and one study focused on patients with other neurological
conditions. Therefore, 33 unique studies were included in the
systematic review. The study selection process is described
in Fig. 1.

We have described all studies according to the “ATNX”
framework by Hampel and colleagues [9] that suggested the
addition of an “X”, inflammatory markers, to the ATN bio-
marker framework to reflect the whole continuum of AD.

Quality assessment

To the best of our knowledge, no standard tool to assess
the quality of studies using MRI and/or blood-biomarkers
for AD is available to date. Therefore, a customized scale
(Table S1) was created for this study and included 15 assess-
ment criteria to evaluate 5 areas (i.e., case definition, general
methods, biomarker methods, MRI methods and reporting
of findings). A total score was generated for each study as a
percentage of the maximum score (i.e., 18).

Results

Details on demographic characteristics, BBM and MRI
techniques used, and the main findings of each study are
summarized in Table 1. All the 33 studies included in this
systematic review were published between 2006 and 2023
and assessed the association between BBM (i.e., A, p-tau,
t-tau, NfL. and GFAP) and brain parameters derived from
structural MRI, DTI, and MRS.

A total of 10 studies assessed the “A” (i.e., Ap40, Ap42
and AP42/Ap40 ratio), 7 focused on the “T” (i.e., p-taul81),
17 studies focused on the “N” (i.e., NfL, t-tau) and 5
assessed the “X” (i.e., GFAP) within the ATNX diagnostic
framework of AD.

The BBM analytical procedures used in the reviewed
studies were as follows: 24 studies used the Simoa tech-
nique [47] that allows quantification down to subfemtomo-
lar concentrations (< 1 pg/mL), including Simoa with HD-1
ultrasensitive Analyzer by Quanterix, and the new flagship
HD-X, i.e., the latest model fully automated bead-based
immunoassay platform; three studies used the Meso Scale
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Discovery (MSD) platforms that are more sensitive and
require less sample volume than the conventional ELISA kit
[48], whereas the ELISA kit was used in 4 studies to assess
Ap isoforms; in 2 studies [49, 50] A isoforms were assessed
using the INNO-BIA kit (Fujirebio) based on a multiplex
XxMAP technique with a LABScan-200 system (Luminex),
a technique with recognized good analytical performance
and clinical sensitivity [49]; in 2 studies, BBM were quanti-
fied with both Simoa and MSD methods [51, 52], but only
Mielke et al. [51] applied the 2 methods to assess plasma
concentrations of the same biomarkers (i.e., p-taul81), thus
enabling inter-method agreement assessment.

The MRI techniques used included: 27 studies used struc-
tural MRI, and the majority of these studies assessed the
association between BBM and regional volumes; hippocam-
pal volume was the MRI outcome measure most commonly
investigated (15 studies), whereas 9 studies assessed the
association between BBM and cortical thickness of different
brain regions; 7 studies evaluated the relationship between
DTI parameters of white matter (WM) microstructural integ-
rity and BBM, and only one study assessed the relationship
between MRS indices and BBM [53]; no studies investigated
associations between BBM and fMRI parameters. The find-
ings of this review are represented visually in Fig. S1.

Detailed results of “A” biomarkers

Of the 10 studies that assessed the association between A
biomarkers (i.e., Ap40, Ap42 and AP42/AP40 ratio) with
brain MRI parameters, most of them used structural MRI
techniques. Four of these focused their analysis on either
hippocampal subregions or on the whole hippocampal vol-
ume. In older adults with SCD, higher Ap42 levels were
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associated with smaller volume of the dentate gyrus and
of the molecular layer [33]; the plasma AP42/40 ratio was
negatively associated with hippocampal atrophy [54] and, in
people with AD dementia, with a medial temporal atrophy
(MTA) score [50]. In contrast, Hanon and colleagues [49]
found no significant correlation between hippocampal vol-
ume and plasma AP42 levels in people with symptomatic
AD (i.e., with either MCI or dementia), but a weak negative
correlation with plasma AB40 levels in the AD dementia
group only. In the Sydney Memory and Ageing Study of
Poljak et al. [55], plasma AP42 levels and the AB42/Ap40
ratio were positively associated with hippocampal volume
across the AD continuum, while AB42 was also negatively
associated with white matter hyperintensity (WMH) vol-
ume. After stratification by ApoE genotype, different pat-
terns of association were detected for the Ap isoforms: AB40
was negatively correlated with hippocampal volume only
in the ApoE €4 carriers, whereas AB42 and Ap42/Ap40
ratio were positively correlated with hippocampal volume
in the ApoE €4 carriers and negatively with WMH volume
in the ApoE €4 non-carriers. An older study, however, had
found that plasma levels of Ap40 were positively associated
with larger WMH volume in a mixed sample of AD demen-
tia, MCI and cerebral amyloid angiopathy cases [56].

Two studies investigated the mean cortical thickness
(mCT) of all cortical regions in people across the AD contin-
uum (i.e., HC, MCI and AD dementia). Fan and colleagues
[57] found that plasma AP42 levels were negatively cor-
related with mCT in AB-PET negative people, while AB40
levels were positively correlated with mCT in both AB-PET
positive and negative participants. Sotolongo-Grau et al.
[58] assessed plasma AP markers considering both total
plasma AP pool and the peptide associated with the cellular
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Table 1 (continued)

18

= = g 2T 5 E pellet (CP): the strongest (negative) association was detected
Z z _ 2 8 ::J ‘éﬁ i § Tg between AP40 CP levels and the left hippocampal volume
2 §L§° @ ﬂ? % = 8 s g é and the left entorhinal cortex, but also with mCT values;
R 7-3 ;ig 8% ¢ AP42 CP levels, instead, were negatively correlated with

E i% % EER 53 55 hippocampal volume only.
£'g 'E ERe 38 %' = ‘;‘i é _g Moreover, 2 studies investigated the association between
g §DE T&E Q :' S § § 2 %, % AP and DTT indices. Shahid and colleagues [59] explored

" i‘; % ; g T;E 2 é 5 g o g the associations of diffusion microstructural metrics in the
__%" e E éi% % §§ g 5 % N hippocampal subfields with different plasma biomarkers of
& E T:> § § ,g“g % E*:E 2 S%:,_g AD pathology and they found no significant associations
E ; 22ERE|Z § : f) g*% E between any microstructural parameters and either AB40,

- ; 2 § Eﬁ £= : APB42, or AB42/AP40 ratio in a sample comprising HC, MCI,
< % =1 %‘)E é Eg § and AD dementia groups. Instead, Wang and colleagues [60]

S B g S5 E 3 f;f 5 using a Tract-Based Spatial Statistics approach found sig-
% S &g % ; § Q;; I nificant associations between high plasma Ap40 levels and
E‘i § é :" E § % % S é microstructural parameters, specifically low FA and high
g 3 £ sE28% MD values in widespread WM tracts in a group of people
5 |&F SEEs2T with SCD.

R 52 ¢ é"ag
:J%‘ 8 gg § -E:; ¢} é g H uTn H
9 £ § S = § &3 Detailed results of “T” biomarkers

s |zest |S55%nEd
g é —% T:; E g % :.»:0 % '§0 f:% A total of 7 studies assessed the associations between p-tau
3 é E é § £ 5 5 g E Eﬂ £ isoforms, especially p-taul81, and brain MRI parameters.
§ 2228 £ gé a %,:3 g g Two studies from the same research group on different

2 $853 582 cohorts found that higher plasma p-taul81 levels were
S2ZIZ2=8 . s .

. o & E S8 E s negatively correlated with hippocampal volume only in AD
E é Z _ é Sé E § é g dementia patients [61]. The second study found that, across
E 2 2 E" = ; &b %é the AD continuum, there was a negative correlation with
82 % o2 o E = é g «2 total brain volume and a positive correlation with ventricular

E E QS 5§ volume [62]. In the latter study, after stratifying by diagnos-

g = g % E % $ tic group and accounting for age and sex differences, higher

g 5 é gé S § p-taul81 levels were associated with lower hippocampal

R 3 E S é o E § volume in the HC and MCI groups only, but not in patients

2 g/ - % § ERERY § g g at the dementia stage. In contrast, Krebs et al. [54] found no
:%05 % § < S g E 8 § - %‘3 significant associations between p-taul81 levels and brain
_ g g Q T x g ° MRI parameters in a group of people with SCD. Moreover,
= 538 E :é E § «g one study that investigated WM microstructural parameters
g; ; E:{ 5‘3 § ﬁ ;éu g 8 found that plasma p-taul81 levels were positively correlated
= © e 5 5 g o= g 3 g with mean diffusivity (MD), radial diffusivity (RD), axial
S SAaR S8 ;ﬁ £ Rl diffusivity (AxD), but negatively correlated with FA val-
S Z é 8 Qt) § 8 ‘§ 2 ues in different WM tracts across diagnostic groups [63].

% 2 < = % 4 9 5‘53 g In detail, p-taul81 levels were primarily associated with

Z 2 E E 87 % E § 5 2 FA and AxD values in left-sided limbic WM connections

S ‘f’j ;é 2 E g ;é g .é) E (i.e., hippocampal cingulum, fornix a.nd }em{lisc.us) ig the
2 = ) £82 :—? @ % E‘DE § iﬁ = AD dementia group, and with all DTI indices in right-sided

E CuEE o 29 % 53 S % associative and projection tracts (i.e., tapetum, posterior
7 2= & % : = E 2= % corona radiata and the retrolenticular part of the right inter-

I~ ?,'55 S g E gg & nal capsule).
_ § g 2 E S@ Tt = :; Only a few studies assessed multiple p-tau isoforms.

g ;; 2373 s g g = Ossenkoppele et al. [52] found associations between MRI
‘:” B :15 ? ; é E Q = parameters and p-tau217 and p-taul81 plasma levels: both
,::f é g ; b = a,g % § p-tau measures were negatively correlated with corti-
2 = SR8 é EER 2 cal thickness values of an AD-signature region of interest
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comprising bilateral entorhinal, inferior and middle temporal
and fusiform cortex in a mixed group of HC, MCI and AD
dementia. Similarly, both p-tau217 and p-taul81 plasma lev-
els were found to be associated with lower temporo-parietal
GM volume in AB-PET positive patients with MCI [64]. In
addition, Mielke et al. [51] showed that, in a group compre-
hensive of HC and MCI patients, increasing levels of Simoa
p-taul81, MSD p-taul81, and MSD p-tau217, but not Simoa
p-tau231, were significantly associated with higher WMH
volume and lower WM microstructural integrity in 2 WM
tracts used as regions of interest (i.e., lower FA values in the
genus of corpus callosum and in the hippocampal cingulum
bundle). In a sensitivity analysis conducted on 164 partici-
pants with all 4 p-tau biomarkers, also Simoa p-tau231 levels
were significantly associated with higher WMH volume and
lower FA values in the same WM regions of interest.

Detailed results of “N” biomarkers

A total of 17 studies evaluated the associations between
either NfL or t-tau with brain MRI parameters. Studies that
used structural MRI techniques showed that NfL levels were
negatively correlated with hippocampal volume [26, 65, 66],
parietal GM volume [67], ratio of hippocampal volume/TIV
[68], right lateral temporal lobe, right inferior parietal, and
left superior frontal lobe volumes [69]. In these studies, the
associations were mainly found among patients with AD
dementia, while no associations were found in potentially
pre-symptomatic stages, such as SCD [70]. In the study by
Pereira et al. [71], instead, a negative correlation was found
between plasma NfL values and hippocampal and nucleus
accumbens volumes in MCI patients, but not in either the
HC or the AD dementia subsamples, independently of Af
positivity status. Moreover, Benedet et al. [72] found that
increases in plasma NfL levels were associated with reduced
GM and WM volumes in both HC and cognitively impaired
(CI) older adults. However, more widespread associations
were observed in the CI group, with a much larger involve-
ment of frontal and lateral temporal cortices additionally
to the medial temporal lobe, when compared with the HC
group. Additionally, a study that focused on GM microstruc-
tural parameters (by using neurite orientation dispersion
and density imaging) found that NfL levels were negatively
associated with microstructural integrity of one hippocampal
subfield (i.e., the CA4-dentate gyrus) across the AD con-
tinuum [59]. In the AD dementia subgroup, instead, negative
associations were found between t-tau levels and microstruc-
tural integrity of the subiculum and of the CA4-DG.
Associations between BBM of neurodegeneration and
WM integrity parameters were also extensively observed.
In MCIT patients, plasma NfL levels were found to be asso-
ciated negatively with FA and positively with RD, AxD,
and MD values in WM tracts that differed between ApoE

€4 carriers (i.e., widespread across anterior corona radiata,
internal capsule and genu of the corpus callosum) and non-
carriers (i.e., primarily in fornix, cingulum and uncinate
fasciculi) [73]. A positive association between NfL levels
and MD values was also found by another study on a sample
including patients with MCI and AD dementia in areas of
the temporal lobes and the cingulate cortex [74]. Moreo-
ver, in a sample of autosomal dominant mutation carriers,
a strong association between higher NfL levels and lower
FA and higher MD, AxD and RD values across all WM
tracts was found, whereas no association were observed in
HC [75]. Similarly, other authors who evaluated autosomal
dominant mutation carriers described a negative correlation
between plasma NfL values and whole brain volume and
hippocampal volume, while a positive correlation was found
with ventricular volume [76]. In a sample comprehensive of
HC, MCI and AD dementia cases, Pereira et al. [71] found a
negative correlation between higher plasma NfL and lower
left precuneus and right middle temporal gyrus cortical
thickness values. After stratifying the sample by diagnosis,
no correlation emerged in the HC groups, whereas negative
correlations were found in the precuneus in the MCI and AD
dementia groups with evidence of A positivity from CSF
analysis. In contrast, Elahi et al. [77] found an association
between NfLL and WMH volume only.

Plasma t-tau was found negatively correlated with mCT in
both AB-PET positive and AB-PET negative participants in a
mixed group comprehensive of HC, MCI and AD dementia
[57]. This finding was confirmed by Marks and colleagues
[66] who observed an association between elevated plasma
t-tau levels and lower thickness of temporal cortices in both
HC and MCI patients. However, no associations were found
between plasma t-tau and FA values in the corpus callo-
sum. In contrast, Illan-Gala et al. [69] found no correlation
between plasma t-tau levels and cortical thickness in an AD
dementia group. One study found that higher t-tau levels
were associated with higher ventricular volume, but not with
hippocampal volume in the adjusted analysis [26].

Detailed results of “X” biomarkers

Of the 5 studies that focused on inflammation markers (i.e.
GFAP), 4 assessed the association with structural MRI
parameters and one measured the association with metabo-
lites by means of MRS. Ebenau et al. [70] found that higher
GFAP levels correlated with lower hippocampal volume and
higher MTA in a group of SCD. However, this association
was weak and did not survive statistical adjustment for age
and sex. Elahi et al. [77], instead, found a significant asso-
ciation with higher WMH volume, but not with global GM
volume across the AD continuum. Moreover, other authors
showed associations between higher plasma GFAP levels
and lower WM volumes in temporal and parietal areas in
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a mixed group [67], lower temporal cortical thickness and
greater WMH volume in AB-PET positive HC and MCI
patients [78]. One MRS study found that plasma GFAP
levels were significantly associated with myo-inositol
(mlIns) values in the posterior cingulate cortex of HC and
MCI patients [53]. Moreover, after stratifying the sample
according to ApoE genotype, plasma GFAP levels were sig-
nificantly associated with the ratio between mlns and total
creatine in ApoE &4 carriers only.

Quality assessment results

Although variable levels of quality were observed across
studies, the overall level appeared to be good, with only
3 out of 33 studies achieving a total score below 50%
(Table S2). All studies reported enough details on BBM
analysis methods and all but one study reported compre-
hensive demographic characteristics of the included par-
ticipant groups. However, only in 13 studies the underlying
hypotheses were stated explicitly. No significant difference
in quality scores (#(31)=—0.10, p=0.992) was observed
between studies that focused on a single blood biomarker
only (n=25, 61.1%+ 11.1%) and those that investigated 2
or more biomarkers (n=38, 61.6% +4.9%).

Discussion

This systematic review includes 33 studies that assessed
the association between the main BBM and MRI markers
in the AD continuum, highlighting consistent associations
between these 2 types of marker, in some instances even in
the earliest stages of disease (i.e. SCD and MCI). Most of
the studies (n=17) focused on markers of neurodegenera-
tion, showing that high levels of NfL are associated with
temporal (e.g. hippocampus), frontal and parietal atrophy
[67—69]. Moreover, high levels of NfL, as well as t-tau, also
correlated with white matter microstructural alterations
across different WM tracts [59, 73-76]. Together, these find-
ings suggest that plasma NfL is a promising biomarker that
detects neuronal injury in AD, and may have potential for
prognosis and monitoring of disease progression. However,
in most studies, BBM—MRI associations were only found
in a more advanced stage of disease (i.e. in patients with
dementia due to AD), and only few of these findings were
confirmed in earlier preclinical or prodromal disease stages,
i.e. in older adults who were either cognitively unimpaired,
had SCD or were experiencing MCI [71, 72]. Since high
plasma NfL concentrations are also found in other NDDs
[28], further evidence is needed to demonstrate whether
plasma NfL concentrations increase already in preclinical
and prodromal stages of AD and whether such alterations
may be indicative of early neural changes specific for AD.

@ Springer

The findings of two studies involving carriers of AD muta-
tions in amyloid precursor protein and in presenilin 1 and 2
genes seem to support this hypothesis [75, 76].

T-tau plasma level increases are also indicative of neu-
rodegeneration across the AD continuum, although this
biomarker has been assessed only by a few studies. Nega-
tive associations have been found primarily between higher
t-tau values and general indices of brain parenchymal loss,
e.g. lower mCT and higher ventricular volume, but not with
hippocampal volume [79]. These associations were found
consistently across studies but one that investigated a sample
of people with AD dementia [69]. However, Marks et al.
[66] have also found that higher t-tau was associated with
reduced temporal cortical thickness in HC and MCI group,
but only in one of the two cohorts investigated. More robust
evidence is therefore needed to establish how useful plasma
t-tau might be in clinical application.

Although the majority of the reviewed studies focused
on biomarkers of neurodegeneration, different indices of
plasma A were also found associated with MRI metrics.
Plasma AP42/Ap40 ratio was negatively associated with
MTA in AD dementia patients [50], but also with an index
of hippocampal atrophy (i.e., 1 —hippocampal volume/TIV)
in older adults with SCD [54]. These findings are in line
with previous evidence suggesting that the Ap42/Ap40 ratio
of these markers derived from plasma may be more use-
ful than individual AP peptide concentrations in detecting
abnormal AP status in both cognitively impaired and cogni-
tively unimpaired participants [10—12]. Moreover, research
with older adults with SCD found that higher levels of Ap42
were associated with lower volume of the left dentate gyrus
[33], while higher plasma AP40 levels were associated with
reduced WM integrity [60]. These findings suggest that
the detection of such BBM-MRI associations may signal
incipient AD-related pathology and that they may be equally
informative in both A positive and negative individuals
[57] and across the clinical AD continuum [58].

When assessing the associations between p-tau isoforms
and brain MRI parameters, a range of different results was
found. While the study by Krebs et al. [54] found no asso-
ciation between plasma levels of p-taul81 and brain MRI
outcome measures in SCD, other investigations found that
increased levels of this BBM were associated with several
indices of GM loss, such as hippocampal volume, reduced
total brain and temporo-parietal volumes and temporal cor-
tical thickness, even in HC and MCI groups [51, 52, 62,
64]. Similarly, plasma levels of p-tau isoforms were also
associated with WM alterations, i.e., higher WMH volume
[51] and decreased microstructural integrity across differ-
ent WM tracts in various disease stages [51, 63]. Among
all these studies, the most consistent association in HC and
MCI groups was that between p-tau isoforms (p-taul81 and
p-tau217) and temporal grey matter volumes and cortical
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thickness. This pattern of findings is interesting and, if vali-
dated in future studies, alterations in plasma p-tau levels
might be a reliable marker of neural alterations due to AD
even in preclinical stages.

Increasing evidence suggests that blood GFAP levels
can be used to detect early-stage AD [29]. The majority of
the studies that focused on this inflammation marker found
associations between high levels of GFAP and lower WM
in temporal and parietal areas [67], lower temporal cortical
thickness and WMH only in AB-PET positive cases [78], and
altered levels of mlns, a marker of astrocytic function, in a
brain area particularly affected by AD, i.e., the PCC/precu-
neus [53]. Interestingly, these studies describe associations
between GFAP and imaging markers in similar brain areas
(i.e. temporal and parietal regions) in HC and MCI groups,
even when different MRI techniques are used (i.e. structural
MRI, DTI or MRS). However, further multimodal imaging
studies with different MRI sequences, applied in populations
ranging from cognitively unimpaired older adults to the AD
spectrum, are needed to confirm these encouraging findings.

Interesting results emerged when associations between
BBM and MRI markers were assessed while accounting for
AR status. In general, associations were detected primarily in
AP positive older adults only: (1) NfL levels were negatively
correlated with cortical thickness in the precuneus of CSF
AP positive patients with either MCI or AD dementia [71];
(2) higher GFAP levels were associated with lower tempo-
ral cortical thickness and greater WMH volume in AB-PET
positive cases [78]; and (3) higher p-tau 217 and p-tau 181
values were associated with lower temporo-parietal GM
volume in AB-PET positive cases [64]. However, one study
also found that AB42 levels were negatively associated with
the mCT in AB-PET negative cases only [57]. All together,
these results suggest a relevant impact of Af status, i.e.,
BBM-MRI associations may be detected primarily in people
showing signs of AD pathological changes.

Similarly, stratifying samples by ApoE genotype revealed
that several significant associations were detectable in €4
carriers only: (1) increases in plasma NfL associated with
reduced GM volume in HC [72]; (2) Ap40 level negatively
associated with hippocampal volume [55]; and (3) higher
GFAP levels positively correlated with mIns/tCr concentra-
tion [53]. ApoE genotype, therefore, is confirmed as a strong
determinant of AD-related neural alterations and genetic
profiling may enhance the detection of clinically relevant
BBM-MRI associations, especially in individuals at higher
risk of AD.

In some studies, the association between BBM e MRI
characteristics was assessed by stratifying by diagnostic
group [62, 71]. These investigations highlighted that, in
HC and MCI groups, higher p-taul81 levels are associated
with lower hippocampal volume and higher NfL values with

reduced cortical thickness, hippocampal and accumbens
volumes.

Only Pereira et al. [71] investigated how both plasma and
CSF NfL concentrations were associated with MRI mark-
ers in the same sample: while negative correlations were
found between plasma NfL and cortical thickness starting
from the MCI stage, negative correlations emerged between
CSF NfL and cortical thickness already in HC. These find-
ings suggest that CSF NfL analysis may be more sensitive
than blood analysis in detecting AD-related brain atrophy in
pre-symptomatic stages. However, these associations were
observed for patients with and without amyloid pathology,
confirming that NfL is a non-specific marker of AD.

The literature currently available is not exempt from limi-
tations. First, many of the papers included used data obtained
from the same datasets: 9 studies used ADNI [26, 52, 58, 62,
63, 71-73, 79]; 4 used BIOFINDER [52, 53, 61, 79]; 3 used
the Mayo Clinic Study of Aging cohort [51, 66, 78]; and 2
used the Translational Biomarkers in Aging and Dementia
dataset [61, 72]. Although it is not possible to determine the
extent of sample overlaps across studies, it is highly likely
that the same data from the same participants have been re-
used in multiple investigations. As a consequence, this might
have introduced a bias in this modestly sized literature, espe-
cially for tau and NfL markers. Second, none of the studies
had carried out an a priori power calculation and 6 studies
included small samples of participants (i.e. n<20). This
may be primarily explained by the fact that investigations
of BBM for AD have only started in recent years. Indeed,
most studies included in this review were exploratory and
presented no research hypotheses (third limitation). Fourth,
a high degree of heterogeneity was observed in the range of
neuroimaging outcome measures investigated, as these were
primarily volumes of specific regions of interest. Although
focusing on specific brain areas, e.g. the hippocampus, is
justified by established knowledge of the typical AD pat-
tern of GM atrophy, this approach might miss clinically
relevant associations beyond the medio-temporal lobe and
across networks of interconnected brain areas. Fifth, stud-
ies of associations of BBM with functional and multimodal
MRI investigations are lacking, thus preventing any possible
speculations on the potential association between BBM and
alterations in brain activity, rather than just structural dam-
age, that may be more sensitive to AD pathology in both
preclinical (i.e. cognitively unimpaired older adults) and
prodromal (i.e. MCI) stages [80, 81]. Sixth, although the
majority of studies (n=24) used Simoa to measure BBM,
other analytical methods (e.g., ELISA, MSD, and Luminex)
were also used across studies, thus limiting comparability of
findings. In this regard, Mielke et al. [51] measured plasma
p-taul81 with both Simoa and MSD techniques, reporting
a Spearman correlation coefficient of 0.66 indicative of a
moderately strong correlation between the two measures.
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Finally, the different statistical approaches applied in each
study could also be a source of heterogeneity in the sum-
marized findings. Indeed, some studies used simple (either
parametric or non-parametric) tests to investigate linear cor-
relations between continuous BBM and MRI variables of
interest (e.g., [65]), while others applied more refined meth-
ods, such as either partial correlation or regression analysis
adjusted for multiple factors [51].

Conclusions

The findings of this systematic review highlight a high
degree of association between BBM and a variety of brain
MRI outcome measures. Variance in plasma levels of Ap42
e AB42/Ap40 and higher levels of the other biomarkers (i.e.,
p-tau, t-tau, NfL and GFAP) were consistently associated
with more severe neural alterations. A number of relation-
ships appear early in the course of the disease (even in pre-
clinical stages), suggesting that BBM may represent com-
plementary screening tools for AD. However, given the mild
degree of heterogeneity observed in findings in the early
preclinical and prodromal stages of the AD continuum, fur-
ther studies are needed to elucidate how different BBM may
be optimally informative of neural alterations in preclinical
AD (e.g. HC and SCD with and without evidence of amy-
loid pathological changes). Moreover, multiple factors can
interact or modify the association between BBM and MRI
findings, such as age, gender, education, creatinine level,
ApoE genotype, AP status, thus highlighting the need to
consider these variables when assessing BBM-MRI marker
relationships but, more in general, when using BBM for
clinical purposes. Among the assessed BBM, p-tau isoforms
(representative of “T” in the ATN system) are known to be
predictive of AP status (indicative of “A”) [82] and, accord-
ing to our results, are consistently associated, from an early
clinical stage (i.e. MCI), with temporal grey matter volumes
and alterations in cortical thickness (representative of “N”).
For this reason, they may be more useful than other BBM
in supporting the diagnostic process. The results from this
review are encouraging and supportive of further investiga-
tions into the combination of MRI and BBM for improving
accuracy of early diagnosis, prognosis, and monitoring of
disease progression or response to treatment. Future inves-
tigations of multimodal neuroimaging outcome measures by
means of advanced statistical modelling approaches would
be needed to confirm if and to what extent BBM could be
indicative of the status of brain alterations across different
disease stages.
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