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Abstract: Blood-based biomarkers are minimally invasive tools to detect the pathological changes
of Alzheimer’s Disease (AD). This meta-analysis aims to investigate the use of blood-derived p-
tau isoforms (181, 217, 231) to predict conversion from mild cognitive impairment (MCI) to AD
dementia (ADD). Studies involving MCI patients with data on blood p-tau isoforms at baseline and
clinical diagnosis at follow-up (≥1 year) were included. Twelve studies on p-tau 181 (4340 MCI,
conversion rate 20.6%), four on p-tau 217 (913 MCI, conversion rate 33.4%), and one on p-tau 231
(135 MCI, conversion rate 33%) were included. For p-tau 181, the pooled area under the receiver
operating characteristic curve (AUC) was 0.73 (95% CI = 0.68–0.78), and for p-tau 217 was 0.85
(95% CI = 0.75–0.91). Plasma levels of p-tau 181 had good discriminatory power to identify MCI
patients who will convert to ADD. Although only four studies on p-tau 217 have been included in
the meta-analysis, in the last year the predictive power of p-tau 217 is emerging as superior to that of
other isoforms. However, given the high heterogeneity detected in the p-tau 217 studies included in
this meta-analysis, additional supportive evidence is needed. Insufficient results were available for
p-tau 231. These findings support the prognostic utility of p-tau 181 and p-tau 217 measured in blood
to predict progression to ADD in MCI and encourage its future implementation in clinical practice.
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1. Introduction

Timely and accurate diagnosis of Alzheimer’s Disease (AD) in clinical practice is
currently challenging, with misdiagnoses ranging from 20–25% in specialized centers [1,2]
to higher percentages in primary care settings where routine cognitive screening is not
performed and there is a lack of easily accessible, time- and cost-effective, and accurate
diagnostic tools. As a consequence, there are frequent suboptimal, incorrect, or delayed in-
terventions, as well as inaccurate communication about diagnosis and prognosis to patients
and caregivers. In the last decades, the diagnosis of AD has undergone significant changes.
The revolution in the diagnosis started in 2007, when the International Working Group for
New Research Criteria for the Diagnosis of AD provided a new conceptual framework that
moved AD from a clinical-pathological to a clinical-biological entity, proposing that AD
could be detected in vivo using biomarkers before the appearance of dementia [3].

Later in 2018, the biomarker-based A-T-N (Amyloid/Tau/Neurodegeneration) re-
search framework for AD was established indicating that biomarkers are necessary to
support an in vivo diagnosis of AD, especially in the preclinical and prodromal phases of
the disease when clinical symptoms are either absent or very subtle, but neuropathological
changes are already ongoing and detectable [4]. To be in the “AD continuum” a positive
amyloid marker identifiable by cerebrospinal fluid (CSF) as Aβ42 or Aβ42/Aβ40 ratio or,
alternatively by Amyloid positron emission tomography (PET), is required.

Lastly, starting from recent advances in biomarker research and the consolidated habit
to define disease biologically instead of using syndromic aspects, the research framework
for AD was updated in April 2024 reporting objective criteria for AD diagnosis and staging
also on the basis of blood-based biomarkers (BBMs) [5]. Blood Aβ42 and p-tau isoforms
(p-tau 181, p-tau 217, p-tau 231) are recognized as Core 1 biomarkers in the revised criteria,
as the CSF counterpart, and Amyloid PET. According to these criteria, an abnormal Core 1
biomarker result is sufficient to establish a diagnosis of AD, whereas later changes in Core
2 biomarkers (as non-phosphorylated mid-region tau fragments in biofluid and tau PET)
are useful to provide prognostic information, and, if abnormal, increase confidence that
AD is contributing to symptoms. Recent evidence suggests that combining blood p-tau
217 and Aβ42/Aβ40 levels could be useful for the early identification of symptomatic AD
cases [6] and, potentially, for subject selection in primary prevention trials [7].

Among those for neurodegenerative diseases (NDDs), analysis of cerebrospinal fluid
CSF and positron emission tomography (PET) measures are well-established markers
with excellent diagnostic properties for AD. However, they are less useful outside very
specialized clinics due to limited accessibility, invasiveness, and high costs, precluding
the use of CSF- and PET-derived biomarkers in most primary and secondary care settings
worldwide. For these reasons BBMs have emerged as promising tools to revolutionize the
diagnostic and prognostic work-up of AD, as well as to improve the design of interventional
trials. Indeed, BBM detection represents a less invasive and less costly approach than CSF or
neuroimaging markers and is more feasible in primary care settings where most individuals
with prodromal cognitive symptoms are assessed. Additionally, BBMs have been shown to
differentiate Alzheimer’s Disease Dementia (ADD) from other dementias with accuracy
levels similar to CSF and PET biomarkers. In contrast, standardized BBM methods to track
individualized progression from a prodromal to a clinical stage of the disease, such as Mild
Cognitive Impairment (MCI) to ADD, are still under definition. Despite the increased use
of BBMs in research contexts to track the initial neuroanatomical changes of AD according
to the Revised criteria for diagnosis and staging of AD, at present the clinical use of AD
biomarkers is limited to the evaluation of symptomatic individuals, and their use is not
recommended in cognitively unimpaired individuals [5]. This concept is also reinforced
by the World Health Organization according to which individuals without established
cognitive impairment do not represent a target population for BBMs at present (https://iris.
who.int/bitstream/handle/10665/379286/9789240099067-eng.pdf?sequence=1, accessed
on 17 November 2024).

https://iris.who.int/bitstream/handle/10665/379286/9789240099067-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/379286/9789240099067-eng.pdf?sequence=1
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Among the available BBMs, plasma Aβ42/40 ratio, p-tau isoforms, serum neurofil-
ament light chain (NfL) and glial fibrillary acidic protein (GFAP) are the most advanced
for diagnostic and prognostic purposes [8]. All these markers have specific characteristics
and belong to different categories: Aβ42/40 ratio reflects “A” (Aβ proteinopathy, Core 1
biomarkers), p-tau isoforms 181, 217 and 231 reflect “T1” (phosphorylated and secreted AD
tau, Core 1 biomarkers), NfL reflects “N” (injury, dysfunction, or degeneration of neuropil),
GFAP reflects “I” (inflammation) [5].

P-tau shows higher specificity for AD, indeed an increase in this BBM has been
observed only in AD and not in other tauopathies [9], levels being related to both the
density of Aβ plaques and tau tangles, the neuropathological hallmarks of the disease [10].
It is worth noting that while p-tau isoforms are “T” biomarkers, several studies have
demonstrated that they are highly correlated with Aβ pathology. In this regard, immuno
and mass spectrometric assay (MSA) measures of p-tau 181, p-tau 217, and p-tau 231 have
been shown to discriminate Aβ-positive from -negative individuals with high performance
in many studies [10–12], and based on comparative analyses, there is evidence that p-tau
biomarkers have a significantly higher correlation with Aβ PET than with tau PET [13].

Compared with CSF, blood-derived p-tau exhibits a lower concentration of p-tau
species; however, blood p-tau change reflects tau changes in the CSF [14], and a significant
correlation between CSF and blood levels of p-tau has been found [15]. Blood serum is also
considered a viable medium for measuring p-tau concentration, as its accuracy has been
demonstrated to be similar to that of plasma [16].

Beyond the specific protein species considered (i.e., p-tau 217, p-tau 181, and p-tau
231), plasma p-tau markers vary in their capability to predict AD according to the assay
method and thresholds used [12,17,18].

Over a number of years, multiple laboratory methods have been developed to measure
p-tau isoforms in the blood, ranging from manual methods, such as the enzyme-linked
immunosorbent assay (ELISA), to fully automated ones, as the single-molecule array
(Simoa) with HD-X Analyzer by Quanterix, ref. [19] that allows quantification down to
sub-femtomolar concentrations (<1 pg/mL), or semi-automated methods such as Meso
Scale Discovery (MSD) platforms that are more sensitive and require less sample volume
than the conventional ELISA kit [20]. Three main assays have been developed to measure
3 different p-tau isoforms: assays for tau phosphorylated at the threonine amino acid
181 (p-tau 181), 217 (p-tau 217), or 231 (p-tau 231), using antibodies that are directed to
the N-terminus or mid-domain of the protein, being these forms of tau present at much
higher concentrations in blood due to proteolytic processing of tau from neurons into
biofluids [21].

The thresholds for p-tau isoforms are currently under definition [6,9]. Such threshold
points have been assessed mainly based on the detection of amyloid and/or tau pathology,
and should also be tested widely in a clinical scenario to establish how the set cut-off
points respond to given clinical conditions. In this regard, various methods can be used
to determine single cut-offs to classify individuals as positive or negative, with 5–20% of
individuals having a borderline level. For this reason and to reach an acceptable level
of accuracy, the BBM Workgroup [22] proposed the approach of using two cut-offs, a
higher and a lower one, to define three categories of results: positive, intermediate and
negative. Because intermediate BBM test results do not provide information on amyloid
status, the BBM Workgroup recommends to clarify the amyloid status performing further
analyses (CSF/Amyloid PET) when an individual might be a potential candidate for anti-
amyloid treatments. Alternatively, if amyloid status definition does not affect the short-term
management of a patient, it is recommended that the BBM test is repeated at a later point
(after 1 year).

Among the available BBMs, plasma p-tau has been shown to separate accurately ADD
from other NDDs with high diagnostic accuracy [10–12,23,24], the largest relative increases
in ADD are often observed for p-tau 217 [12,24,25], with an accuracy similar to that of the
corresponding p-tau isoform measured in CSF [12,26–28].
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In MCI, both plasma p-tau 181 and p-tau217 have shown to be promising in predicting
accurately future cognitive decline and ADD conversion in the subsequent 2 to 6 years,
again with an accuracy similar to that of the corresponding p-tau isoform measured in
CSF [10,29].

Overall, blood p-tau 217 seems to have the largest fold-change between AD and non-
AD disorders [12,24,25] and seems to be more related to AD conversion [30,31] compared
with p-tau 181. Longitudinal increase of p-tau 217 is a marker of disease progression in
preclinical and prodromal AD [28,32,33]. It is worth noting that a recent study found that
the predictive power for AD conversion is significant for both p-tau 181 and 217 but lower
than that for detection of cerebral amyloidosis [30]. Since in more recent years the diagnosis
of AD has changed from a clinical-pathological to a biologically supported to an only
biological definition, prominent recent studies have focused on the preclinical phase of
the disease. In this respect, plasma p-tau 231 and p-tau217 have been recognized as state
markers of amyloid-β pathology in preclinical AD [34].

Indeed, p-tau 217 shows an increase not only in the prodromal [35], but also in the
preclinical stage of the disease, and can predict cerebral amyloid pathology assessed by
amyloid PET [36]. It is worth noting that, according to Janelidze et al. [36], p-tau 217 shows
the strongest association with amyloid pathology in MCI, but not in cognitive unimpaired
individuals. Moreover, the fact that plasma p-tau 217 values start becoming abnormal
before tau-PET, supports the idea of p-tau 217 as a biomarker able to track tau pathology at
the earliest stages of AD development [37].

As for the temporal order of blood p-tau change, some studies suggest that p-tau 231
might be changing slightly earlier than the other p-tau markers, and might be altered before
any deposition in the brain reaches the threshold for Aβ-PET positivity, and after Aβ42/40
begins to fall in CSF [11,15,34]. From a clinical point of view, Martinez-Dubarbie et al. [38]
report that basal levels of p-tau231 correlate negatively with memory tests only in indi-
viduals with a sufficient amyloid load. This suggests that in the future p-tau 231 could be
used to detect populations susceptible to AD in cognitive unimpaired individuals with
detection before Aβ-PET positivity. Supplementary Table S1 shows shared and peculiar
characteristics of p-tau isoforms.

To date, a meta-analysis by Li and Colleagues [39] has been conducted on the predictive
value of blood p-tau 181 and 217 for detecting patients with MCI that will convert to ADD,
with their results supporting the use of these BBMs as prognostic markers. This finding
was obtained without assessing whether the diagnosis of ADD, when biologically defined,
could impact the prediction results.

Thus, in an attempt to cover this gap, the primary objective of the present review and
meta-analysis was to define the power of the blood p-tau isoforms of interest (181, 217, 231)
for predicting conversion from MCI to ADD, with special attention to studies where the
diagnosis had been biologically defined.

In line with this objective, the research question was as follows: “How predictive
are blood-derived p-tau isoforms (181, 217, 231) of conversion from MCI to dementia due
to AD?”

2. Methods

This meta-analysis was registered in the PROSPERO database (https://www.crd.york.
ac.uk/prospero/display_record.php?ID=CRD42023472358, accessed on 20 August 2024)
and conducted according to the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) guidelines [40].

2.1. Search Strategy

We developed the search strategy in collaboration with the Library System Service of
the University of Florence, a bibliographic research assistance service. Literature searches
were conducted on the PubMed, Embase, and Cochrane Library databases.

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023472358
https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023472358
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We performed the most recent search for this review on 19 October 2023, identifying
2727 records. The search was then updated 1 year later, finding 478 new articles potentially
eligible. Two additional records were identified through other sources. Overall, 3207 papers
have been assessed for inclusion in this review (Figure 1).
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Figure 1. The flow chart of the literature selection.

The search string was created including terms that may be used to define the initial
stage of the disease (MCI and equivalent terms as prodromal AD). Since MCI and Subjective
Cognitive Decline (SCD) are often enrolled together in prospective studies, we decided to
include in the search string also the term “preclinical AD” [41], for maintaining in a second
step only data of MCI if available. In cases of referring to “early AD”, full texts were read to
clarify whether the term was used for identifying “prodromal AD”. To include all studies
of blood-derived p-tau, the terms plasma and serum were used as alternatives to blood.
We restricted the search to the p-tau isoforms of interest (p-tau 181, p-tau 217, and p-tau
231). Finally, to capture studies with a prospective design we referred to a follow-up.

The full search strategy applied to each database is reported in Supplementary Tables S2–S4.
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2.2. Study Eligibility

(a) We selected studies with a prospective longitudinal study design with a follow-up
of 12 months or longer. In addition, historical cohorts such as disease registries (see
ADNI) that included MCI cases and which recorded both p-tau values at baseline
and the occurrence of any type of dementia, reversion, or other conditions during
follow-up were selected. We included studies with extractable data; the hierarchy of
data extraction was: sensitivity and specificity;

(b) area under the receiver operating characteristic curve (AUC) and standard error;
(c) mean/median p-tau values for both MCI converters and non-converters.

Referring to the “PICO model”, we defined inclusion and exclusion criteria as reported
in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

• Participants: we included studies conducted on humans,
without age limits, involving MCI of all subtypes
(amnestic-/non-amnestic, single or multiple domains) in
accordance with the clinical definition of MCI (or terms
considered equivalent as prodromal AD, cognitively
impaired no dementia, minor neurocognitive disorder),
according to the criteria of Albert et al. [42], Petersen et al.
[43,44], Winblad et al. [45], and to definition used in the
Diagnostic and Statistical Manual of Mental Disorders (V
edition and previous) [46], or based on a CDR score
definition of 0.5 [47];

• Index test: we have included studies that measured p-tau
isoforms of interest for the review and meta-analysis (181,
217, and 231) using any laboratory methods (from manual
as ELISA to automatic as Simoa HD-X) in plasma and
serum. MCI individuals with higher levels in 1 of the 3
isoforms of blood p-tau were considered at greater risk of
conversion to ADD in comparison with MCI individuals
with lower levels;

• Target condition/reference standard: we selected studies
where the target condition was ADD diagnosis according
to universally accepted clinical criteria (NINCDS-ADRDA
criteria of McKhann et al. [48], NIA-AA criteria of
McKhann et al. [49], IWG criteria of Dubois et al. [3],
IWG-2 criteria of Dubois et al. [50]) with and without
biological confirmation of the disease [4], defined as the
identification of a positive amyloid marker detected by
CSF or PET (A_pos).

• Published in a language other than English (reason for
exclusion number 1);

• Involving animals or in vitro studies (reason for exclusion
number 2);

• Involving cases different from MCI as SCD, age-related
cognitive decline, mild AD, ADD, or including only data
of MCI converters or pooled data for MCI and
healthy/SCD/ADD (reason for exclusion number 3);

• Other than original articles (reason for exclusion
number 4);

• With a case-control or a cross-sectional design (reason for
exclusion number 5);

• Not reporting p-tau values at baseline or using those
values for aims other than predicting MCI to ADD
conversion (reason for exclusion number 6);

• With a follow-up length of less than 12 months (reason for
exclusion number 7);

• In which the follow-up diagnosis was made without
following the universally accepted criteria for ADD, or
studies without dementia characterization (reason for
exclusion number 8);

• Not reporting sensitivity/specificity, AUC values or
baseline p-tau values for MCI converters and
non-converters (reason for exclusion number 9);

• In which p-tau values were derived from the analysis of
circulating extracellular vesicles (reason for exclusion
number 10);

• Containing overlapping participants (cases belonging to
the same database such as for example ADNI) (reason for
exclusion number 11)

2.3. Study Selection

Two authors (GL and SB) independently reviewed titles and abstracts of articles
identified by the electronic database searches. If the study eligibility was in conflict, a third
author (RM) solved any disagreement in the study selection. If there was still no agreement
and eligibility could not be determined, the full text of the article was accessed to establish
eligibility for inclusion on the basis of the criteria listed above. GL and SB independently
further assessed the full manuscript against the inclusion criteria. Disagreement in the
selection of full-text articles was solved by discussion. GL and SB also screened the
references of selected articles and of the review of Li [39], and additional articles were not
found through this strategy (i.e., there were no missed articles by the electronic database
search), except one study that was retrieved from the review of Li. In the case of selection
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of more than one article from the same study authors or country, the absence of overlap in
populations was assessed by using the reported recruitment periods or directly contacting
the authors to define study eligibility. In the case of overlapping populations, the more
recent study was retained, whereas in the case of multiple measurements of p-tau value
with different assays in the same population, the more accurate measure was retained. The
flow chart of the literature selection is reported in Figure 1.

2.4. Data Extraction

FM and SB extracted the following information from eligible studies: first author, year
of publication, study country, name of the Clinic and that of study protocol, p-tau isoform
tested, criteria used for MCI and ADD definition, follow-up length, details on the assay
method used to measure p-tau in plasma or serum, number of MCI converted to ADD,
MCI stable or converted to other dementia; percentage of females that participated in the
study, age, ApoE status, education (years) and MMSE score at inclusion. When available,
sensitivity/specificity, AUC and/or mean/median p-tau values were extracted for the
meta-analysis. Where needed, authors were contacted for additional data.

2.5. Assessment of Methodological Quality

The Quality Assessment of Diagnostic Accuracy Studies-2 version (QUADAS-2) tool was
used to assess the methodological quality of the included studies [51]. The review-specific
QUADAS-2 scheme can be found in the Supplementary Material (Supplementary Table S5).
A field is considered to exhibit a low risk of bias if all questions related to it are mostly
answered with “yes”. However, if the answer to one or more signaling questions is “no”,
the field is considered to exhibit a high risk of bias. Each paper was judged as having a
‘low’, ‘high’, or ‘unclear’ risk of bias for 4 domains: patient selection, index test, reference
standard, flow and timing. We assessed concerns about applicability in 3 domains: patient
characteristics and setting, index test, and reference standard. Clinical applicability was
generally classified into three levels: “low”, “high” or “unclear”.

Studies were rated as low-quality in case of high or unclear risk of bias in at least one
QUADAS-2 domain. Two authors (GL and RM) independently assessed the methodological
quality of included studies and disagreement was solved by a third author (GV).

Considering that our review was focused on the biological definition of ADD, we
judged the criteria for ADD a low risk of bias and low concern regarding applicability, only
when the diagnosis was biomarker supported with amyloid markers measured in CSF
assay or by PET (A+).

2.6. Statistical Analysis

Statistical analysis was conducted using Stata 18.0 (Stata Corp, College Station, TX, USA).
P-tau baseline values (average and standard deviation, SD) of converters and non-

converters MCI were retrieved. If the study provided the median and interquartile range
instead of mean and SD, the median was used as an estimate and mean and SD were
estimated from the interquartile range (IQR) divided by 1.35. Because in the studies
different techniques were applied to measure blood biomarkers, the standardized mean
difference (SMD) was used as the principal measure of effect size so that the results could be
combined. The SMD (Hedge adjusted g) were calculated for all the studies using differences
in p-tau levels at baseline between MCI converters and non-converters divided by the
standard deviations of differences pooled from the two groups. SMDs of 0.2, 0.5, and 0.8 are
considered small, medium, and large, respectively [52], whereas a value of 0 is indicative
of equivalence between p-tau levels in MCI converters and non-converters.

In addition, the area under the receiver operating characteristic curve (AUC) and
its 95% confidence interval (CI) were recorded if available. When actual AUC and corre-
sponding 95% CI were not available, they were computed from SMDs using established
methodologies [53]. Summary AUC estimates were derived from a random-effects model
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utilizing restricted maximum likelihood (REML) estimation. The weight of each study in
the meta-analysis was automatically calculated based on precision (1/variance).

An AUC of 0.5 suggests no discrimination ability of p-tau in detecting MCI con-
verters from non-converters; up to 0.7 is considered low, 0.7 to 0.9 is considered moder-
ate/acceptable, and more than 0.9 is considered high/excellent [54].

The heterogeneity across the included studies was quantified using the I2 statistic.
A value of I2 of 0–25% indicates insignificant heterogeneity, 26–50% low heterogeneity,
51–75% moderate heterogeneity, and 76–100% high heterogeneity [55].

For inclusion in the meta-analysis, at least three articles were required to report data
on the specific outcome (AUC or SMD). When appropriate, cross-validation was conducted
according to the leave-one-out procedure to quantify the impact of potential outliers on the
estimation of the overall effect size. A sensitivity analysis was conducted including only
those studies using Aβ-markers (A+) to define ADD diagnosis, while a meta-regression
was conducted to investigate the effect of follow-up duration and age.

2.7. Protocol Deviations

In the original protocol for extractable data, we intended to include only data necessary
to construct a 2 × 2 table, that is, the number of true positive, false negative, true negative,
and false positive cases. Due to the paucity of these data, we decided to include those
studies reporting AUC or the mean p-tau values of MCI converters or non-converters to
ADD. Moreover, in the original protocol, the ADD diagnosis was accepted only when a
positive amyloid biomarker derived from a medium different from blood (i.e., Amyloid
PET or Aβ under the cut-off value of normality in the CSF) supported the clinical diagnosis;
however, at a later point, the decision was taken to include studies in which an ADD
diagnosis had been made using clinical criteria because only a few studies were available
that included biological confirmation of disease. Thus, we classified studies as A+ (where
ADD diagnosis was performed with clinical criteria and assessing amyloid by CSF or PET)
and A− (where ADD diagnosis was performed only with clinical criteria).

For the A+ studies including assessment of amyloid at baseline, eligibility was con-
firmed when amyloid status had been used at follow-up to confirm the ADD diagno-
sis (A_pos).

The statistical analysis was adapted based on data availability (lack of sensitivity
and specificity).

3. Results

Twelve studies reported p-tau 181 levels for converters and non-converters MCI, for
a total of 4340 participants (895 converted to ADD and 3445 not converted to ADD, total
conversion rate 20.6%). Four studies reported p-tau 217 values, for a total of 913 participants
(305 converted to ADD and 608 not converted to ADD, conversion rate 33.4%). One study
reported p-tau 231 levels for a total of 135 participants (45 converted to AD and 90 not
converted to ADD, conversion rate 33%).

3.1. P-Tau 181

Out of twelve studies, four enrolled clearly amnestic MCI [31,56–58], two enrolled both
amnestic and non-amnestic MCI [59,60], one enrolled single- and multiple-domain amnestic
MCI [61], while six studies did not specify the MCI type of participants involved [30,62–66];
however, the studies of Simren and Lehmann used the Petersen 1999 criteria for MCI
selection, and Yuan 2024 is an ADNI study, thus, we can assume that these 3 studies
include amnestic MCI. The mean age of participants ranged from 68 to 79.3 years for
non-converters and 68 to 75.7 for converters to ADD. The mean follow-up duration ranged
from 1 to 6 years. P-tau 181 values at baseline ranged from 1.5 to 46.3 pg/mL in the group
of MCI who converted to ADD and from 0.9 to 23.2 pg/mL in the group of MCI who did
not convert to ADD at follow-up. More details of included studies are provided in Table 2.
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Table 2. Characteristics of included studies.

Author, Year
(Study Country)

Clinic
(Name of Study

Protocol)

P-Tau Isoform MCI
Criteria

ADD
Criteria

(Underlined
Whether A+

Applied)

FU (Mean, SD)
Years

Assay Method
(Serum/
Plasma)

MCI
Type

MCI
Converted to

ADD
(n)

MCI Stable +
MCI

Converted to
Other D

(n + n = tot)

Mean ± SD or
Median (IQR)
P-Tau (pg/mL)

Values
MCI Converters

vs. MCI
Non-Converters

Age (Mean,
SD or Median

IQR)

ApoE4
Carriers (%)

MMSE Score
(Mean, SD or
Median IQR)

Janelidze, 2023
(Sweden)

Memory Clinic,
Skåne University
Hospital, Malmö

[31]

p-tau 181ADx

p-tau 217WashU

p-tau 231UGOT

Petersen 2004
[44]

DSM-IIIR for
dementia and
probable ADD

(NINCDS-
ADRDA) and
A+ (abnormal

CSF
Aβ42/40 ratio)
(A+ measured

baseline)

4.9, 2.1

Simoa HD-X
(plasma)

ADxNeurosciences
(prototype)

MSA
(plasma)

Simoa HD-X
(plasma)

Amnestic 45

90
(not specified

separated
numbers)

Median value
reported

according to Aβ
status

74.0 (66.0–79.0) 55.6 28.0 (26.0–29.0)

Cai, 2023 (USA,
Canada)
(ADNI)

[56]

p-tau 181

MMSE 24–30,
CDR 0 or 0.5

with a memory
box score ≥

0.5. Objective
evidence of

memory
impairment

Probable ADD
(NINCDS-

ADRDA), A+
(Aβ42 < 192

pg/mL)
MMSE 20–26,
CDR of 1 or

higher and A+
(abnormal CSF

Aβ42)
(A+ measured

baseline)

4
Simoa HD-1

(plasma)
in-house

Amnestic 85 264 + 14 = 278
26.4 ± 15.2

vs.
16.0 ± 8.8

71.8, 7.3 47.8 28.0 (1.8)

Palmqvist, 2023
(Sweden)

Memory Clinic,
Skåne University
Hospital, Malmö
(BioFINDER-1)

[59]

p-tau 181Abs

p-tau
217N-terminal-Roche

DSM-5 and
evidence of

domain
z-scores of
≤−1.5 in at

least one
cognitive
domain

Major
neurocognitive
disorder due to

AD (DSM-5)
and anormal

Aβ42/40 ratio
or 18F-

flutemetamol
PET

(A+ measured
baseline)

6

Prototype
immunoassays

on COBAS e
601 analyzer

(plasma)

Amnestic
and non-
amnestic

99 30 + 66 = 96

mean value
available only

according to Aβ
status (not to
conversion)

n/a n/a n/a

Pichet Binette,
2022

(Sweden)
(NCT01028053,
2009–2014 trial,
promotor GE

Healthcare, USA)
[58]

p-tau 217 Petersen 2004
[44]

probable AD
(NINCDS-

ADRDA) and
A+ (18F-

flutemetamol
PET)

(A+ measured
baseline)

3 MSD
(plasma) Amnestic 26 71 + 13 = 84

0.62 ± 0.36
vs.

0.25 ± 0.24
72.28, 8.2 25.0 n/a
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Table 2. Cont.

Author, Year
(Study Country)

Clinic
(Name of Study

Protocol)

P-Tau Isoform MCI
Criteria

ADD
Criteria

(Underlined
Whether A+

Applied)

FU (Mean, SD)
Years

Assay Method
(Serum/
Plasma)

MCI
Type

MCI
Converted to

ADD
(n)

MCI Stable +
MCI

Converted to
Other D

(n + n = tot)

Mean ± SD or
Median (IQR)
P-Tau (pg/mL)

Values
MCI Converters

vs. MCI
Non-Converters

Age (Mean,
SD or Median

IQR)

ApoE4
Carriers (%)

MMSE Score
(Mean, SD or
Median IQR)

Planche 2023
(French)

26 French
Memory Clinics

(Memento study)
[60]

p-tau 181 CDR = 0.5

DSM-IV
criteria for
dementia,
NIA-AA

criteria for
ADD

5
Simoa HD-X

(serum)
Quanterix

Amnestic
and non-
amnestic

257 1957 + 63 =
2020

1.5 (1.0; 2.1)
vs.

0.9 (0.6; 1.2)
71.6(65.5–77.1) n/a n/a

Kwon, 2023
(Republic of

Korea)
9 Hospitals

(KBASE-V study)
[57]

p-tau181

Modified
Petersen 2004

[44] and Albert
(NIA-AA) 2011

[42]

McKhann
(NIA-AA) 2011 2.8

Simoa HD-X
(plasma)

Quanterix
Amnestic 16

33
(not specified

whether stable
or not)

3.6 ± 2.9
vs.

2.1 ± 1.3
n/a n/a n/a

Chen, 2019
(Taiwan)

memory clinic at
Taipei Veterans

General Hospital
[61]

p-tau 181
Albert

(NIA-AA) 2011
[42]

McKhann
(NIA-AA) 2011 3 ELISA

(plasma)

Amnestic
(single or
multiple
domains)

10 23
(all stable)

25.8 ± 2.4
vs.

23.2 ± 1.9
(values reported

as mean and
standard errors)

79.3 (76.6–82.7)
(non-

converters to
ADD); 75.8
(73.3–82.1)

(converters to
ADD)

36.4

28.0 (27.0–28.0)
(non-

converters to
ADD); 25.0
(22.7–26.2)

(converters to
ADD)

Kivisäkk, 2023
(USA)

Massachusetts
(MADRCLC
study) [62]

p-tau 181
Albert

(NIA-AA) 2011
[42]

McKhann
(NIA-AA) 2011 4 MSD

(plasma) n/a 47 38
(all stable)

2.9 (1.4)
vs.

1.73 (1.13)
76.6, 8) n/a 27, 2.9

Silva-Spinola,
2023

(Portugal)
Neurology

Department of
Coimbra

University
Hospital [63]

p-tau 181
Albert

(NIA-AA) 2011
[42]

McKhann
(NIA-AA) 2011 5.8, 3.4

Simoa SR-X
(plasma)

Quanterix
n/a 60 46

(all stable)

2.0 (1.5–3.1)
vs.

1.1 (0.7–1.6)
68.0 (60.0–73.0) 42 27.6, 2.2

Simrén, 2021
(Europe)

6 countries across
Europe, Italy

included
(AddNeuroMed

study) [64]

p-tau 181 Petersen 1999
[43]

DSM-IV and
probable AD

(NINCDS-
ADRDA)

1.0, 0.1
Simoa HD-1

(plasma)
in-house

Probably
amnestic 19 88

(all stable)

17.13 (6.19)
vs.

12.26 (5.89)
74.5, 5.9 36.4 27.2, 1.8
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Table 2. Cont.

Author, Year
(Study Country)

Clinic
(Name of Study

Protocol)

P-Tau Isoform MCI
Criteria

ADD
Criteria

(Underlined
Whether A+

Applied)

FU (Mean, SD)
Years

Assay Method
(Serum/
Plasma)

MCI
Type

MCI
Converted to

ADD
(n)

MCI Stable +
MCI

Converted to
Other D

(n + n = tot)

Mean ± SD or
Median (IQR)
P-Tau (pg/mL)

Values
MCI Converters

vs. MCI
Non-Converters

Age (Mean,
SD or Median

IQR)

ApoE4
Carriers (%)

MMSE Score
(Mean, SD or
Median IQR)

Park, 2014
(Republic of

Korea)
(KLOSCAD
study) [66]

p-tau 181 Petersen
2004 [44]

DSM-IV and
NINCDS-
ADRDA

6
Simoa (plasma)

Advantage
V2.1 assay

n/a 21 50 (stable)
19.2 (14.2–39.4)

vs.
20.2 (11.5–27.2)

74 (71–78) in
converters vs.
71 (65–75) in

non-converters

33 in
converters

vs. 22 in non-
converters

21 (19–26) in
converters vs.
24 (21–26) in

non-converters

Yuan 2024
(Canada and

USA)
(ADNI) [65]

p-tau 181 As in Cai, 2023
[56]

NINCDS-
ADRDA
criteria

2.9

Simoa
(plasma) in
house assay

Univ.
Gothenburg

(Sweden)

amnestic 101 345 stable
24.51 (14.58)

vs.
17.26 (11.11)

72.7, 6.8

66 in
converters

vs.41 in non-
converters

n/a

Lehmann 2024
(France)

(Baltazar study)
[30]

p-tau 181
p-tau 217

Petersen 1999
[43]

CDR
progression 3

Simoa
(plasma)

Quanterix
HD-X

Advantage V1
kit

Simoa
ALZpath
(plasma)

Probably
amnestic 135 338

3.81 (1.54)
vs.

2.93 (1.39)
0.69 (0.37)

vs.
0.41 (0.29)

77.7 (5.5) 39 26.4 (2.5)
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In all studies, values of p-tau 181 are expressed in pg/mL, reporting a wide range of
values across studies measured with different laboratory methods. In nine studies, p-tau
181 was measured with Simoa [30,31,56,57,60,63–66], in one study with ELISA [61], in one
study with MSD method [62], and in one study with the Prototype immunoassays on
COBAS e 601 analyzer [59]. In only one study [60], p-tau was measured in serum instead
of plasma.

Baseline p-tau 181 data were extracted from all twelve studies (Figure 2). There was
a significant difference between baseline p-tau 181 values in MCI converters and non-
converters to ADD (SMD: 0.85, 95% CI: (0.64, 1.06), z = 8.05, p < 0.001), indicating higher
p-tau 181 values in those converting to ADD. The heterogeneity index I2 was 81.72%.
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meta-analysis showed an overall effect size of 0.74 computed excluding the study of Park 
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Figure 2. Forest plot for blood p-tau 181 of the SMD of the individual studies and their respective
weight. A positive SMD indicates higher p-tau 181 values in participants who converted to ADD.
The results of component studies are shown as squares centred on the point estimate of the result of
each study. The horizontal line runs through the square to show its confidence interval. The overall
estimate from the meta-analysis and its confidence interval are put at the bottom, represented as a
diamond. The centre of the diamond represents the pooled point estimate, and its horizontal tips
represent the confidence interval. The solid line is on 0 and corresponds to an equivalence between
mean p-tau 181 value in MCI converters and non-converters to ADD; the dashed line is on the overall
meta-analytic pooled-estimate on the SMD scale (that is 0.85). All studies [30,31,56,57,59–65] were
beyond the 0 line except for Park 2024 [66]. Legend: size: sample size (number); FU: follow-up (years).

AUC values were extracted or estimated for all twelve included studies (Figure 3).
Across studies, p-tau 181 showed a discrimination ranging from 0.68 to 0.78. The overall
discrimination estimate was 0.73 (95% CI: (0.68–0.78), z = 7.84, p < 0.001), thus, in an
acceptable range. Heterogeneity detected across studies was 21.67%. The leave-one-out
meta-analysis showed an overall effect size of 0.74 computed excluding the study of
Park [66] (Table 3).
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Figure 3. Forest plot for AUC of p-tau 181 estimated from the individual studies and their respective
weight. Legend: AUC: area under the receiver operating characteristic curve; CI: confidence interval;
size: sample size (number); FU: follow-up (years). The solid line corresponds to an AUC of 0.73, a
value considered acceptable for the ability of p-tau 181 to discriminate between MCI converters and
non-converters. All studies [30,31,56,57,59–65] were beyond this line except for Park 2024 [66].

Table 3. Results from the leave-one-out procedure.

Omitted Study AUC 95% CI

Chen 2019 [61] 0.724 0.671 0.771

Kwon 2023 [57] 0.727 0.674 0.774

Park 2024 [66] 0.740 0.693 0.783

Kivisäkk 2023 [62] 0.732 0.674 0.783

Silva-Spinola 2023 [63] 0.728 0.672 0.778

Simrén 2021 [64] 0.726 0.670 0.776

Janelidze 2023 [31] 0.722 0.670 0.768

Palmqvist 2023 [59] 0.723 0.670 0.770

Cai 2023 [56] 0.729 0.672 0.779

Yuan 2024 [65] 0.743 0.688 0.791

Lehmann 2024 [30] 0.739 0.681 0.790

Planche 2023 [60] 0.722 0.669 0.770

Overall 0.729 0.678 0.775

The bubble plot graphically examined the estimated relationship between AUC of
p-tau 181 (after logit transformation) and follow-up duration. The size of the points is
proportional to the weight the studies received in the analysis. The meta-regression results
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displayed in Figure 4 show the absence of a linear relation between increasing follow-up
duration and AUC.
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Figure 4. Bubble plot showing the logitAUC (effect size) of p-tau 181 estimated for the individual
studies plotted (circle) against follow-up duration. Legend: FU: follow-up.

Similarly, no significant linear relation between increasing participants’ age and dis-
crimination ability of p-tau 181 was observed (Figure 5).
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Figure 5. Bubble plot showing the logitAUC (effect size) of p-tau 181 estimated for the individual
studies (circle) plotted against participants’ age (years).

The results of the sensitivity analysis, including studies reporting data separately for
A+ and A−, show that the discrimination estimate of p-tau 181 for MCI with an additional
amyloid marker tested at baseline (in CSF or brain with PET) and used to confirm the
diagnosis of ADD at follow-up, was 0.79 (95% CI: (0.70–0.87), z = 5.11, p < 0.001) while
in MCI without amyloid marker availability, it was 0.71 (95% CI: (0.65–0.76), z = 6.63,
p < 0.001) (Figure 6). The difference in AUC in A+ vs. A− studies was not significant
(p = 0.13).
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Figure 6. Forest plot for AUC of p-tau 181 estimated from A+ studies (biologically confirmed ADD
diagnosis) and from A− studies (only clinical ADD diagnosis). Legend: size: sample size (number).
The solid vertical line set on the pooled AUC, 0.73. The AUC in the A+ studies (0.79) was superior to
the AUC in the A− studies (0.71), but the difference was not statistically significant [30,31,56,57,59–66].

3.2. P-Tau 217

Out of four studies, two enrolled amnestic MCI [31,58], while one enrolled both
amnestic and non-amnestic MCI [59]; lastly, Lehmann used the Petersen 1999 criteria,
thus included amnestic MCI, but he did not report cohort description in this study [30].
Three studies reported the mean age of participants [30,47,49], 74.0, 71.5, and 77.7 years
respectively, whereas one study did not report this information. The mean follow-up
duration ranged from 3 to 6 years. P-tau 217 values at baseline were recorded in three
studies (Refs. [30,31,58], mean values 0.62 pg/mL and 3.81 for MCI converted to ADD and
0.25 pg/mL and 2.93 for MCI not converted to ADD). More details of the included studies
are shown in Table 2.

P-tau 217 was measured in one study with MSA [31], in one with MSD [58], in one
with a prototype method with the COBAS e 601 analyzer [59], and in one study with the
Simoa ALZpath using monoclonal p-tau specific antibodies commercially available [30].

Baseline p-tau 217 data were extracted from three out of four studies (Figure 7). There
was a significant difference between baseline p-tau 217 values in MCI converters and non-
converters to ADD (SMD: 1.49, 95% CI: (0.68,2.31), z = 3.59, p < 0.001), indicating higher
p-tau 217 values in those converting to ADD. The heterogeneity index I2 was 93.16%.
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AUC values were extracted or estimated for all four included studies (Figure 8).
Across studies, p-tau 217 showed a discrimination ranging from 0.75 to 0.91, thus from
an acceptable to an excellent range of AUC. The overall discrimination estimate was 0.85
(95% CI: (0.75–0.91), z = 5.31, p < 0.001). Heterogeneity detected across studies was high
(I2 = 98%).
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3.3. P-Tau 231

The only study retrieved from the study search and selection process included amnestic
MCI followed over a mean time of 4.9 years (SD: 2.1) [46]. The mean p-tau 231 value
recorded at baseline was 16.8 pg/mL, 22.0 pg/mL, and 26.9 pg/mL in non-converters
A_neg, non-converters A_pos, and converters to ADD, respectively. Details are reported
in Table 2. The association of plasma p-tau 231 with future conversion to ADD was good
(AUC: 0.78, 95% CI: (0.70–0.86)).

3.4. Quality of Included Studies

Only the study of Planche [60] was considered at low risk of bias for the participants’
inclusion. In contrast, only the study of Silva-Spinola [63] was considered at high risk of
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bias because it did not avoid inappropriate exclusion. All the other studies were considered
at unclear risk of bias since there were missing details about patients’ enrollment criteria.

For the index test, only two studies were at low risk of bias. In these studies, a pre-
specified cut-off was defined: in the study of Kivisakk [62], an optimal p-tau181 threshold
to differentiate ADD from healthy control was calculated using the Youden index, and this
threshold was applied to the MCI sample, whereas in the study of Planche [60], tertiles
were used to estimate the cut-off because no cut-off values for BBMs are available to date.
All other studies were classified as unclear risk for missing details on the threshold used.
For the reference standard, in 4 studies the ADD diagnosis was biomarker-supported
(A+) [31,56,58,59]; however, only the study of Pichet-Binette [58] was judged at low risk
of bias since only this study reported blindness to plasma biomarker results. All other
studies were classified at unclear risk for this domain. In 9 studies [30,31,56,57,61,62,64–66]
the flow and time domains were judged at low risk of bias, the other 4 studies [58–60,63]
received a high risk of bias for not reporting reasons for withdrawals. In the study of
Silva-Spinola [63], only 4 cases were excluded from the analysis because these did not
convert to ADD.

4. Discussion

The aim of this review and meta-analysis was to define the predictive role of the blood
p-tau isoforms of interest (p-tau 181, p-tau 217, and p-tau 231) as predictors of conversion
from MCI to ADD.

Additionally, the impact of using different criteria for the ADD diagnosis (only clinical
or even biomarker-supported with already validated biomarkers) on this outcome was
assessed. The review was focused on p-tau isoforms, the most promising BBM characterized
by peculiar characteristics as having a significantly high correlation with Amyloid PET, as
well as with established CSF markers, and their level of prediction of conversion to ADD in
MCI (see Supplementary Table S1). The identification of prodromal AD is of paramount
importance in order to properly select individuals eligible for anti-amyloid treatments
with currently FDA-approved drugs. To this end, since amyloid deposition is common in
cognitively impaired patients suffering from a brain disorder different from AD [67], with
current data revealing 29% amyloid positivity in patients with non-AD brain disorders [68],
p-tau isoforms are considered very useful for increasing the specificity for the identification
of AD pathology.

Thirteen studies have been included in the meta-analysis (12/13 with data on p-tau
181 and 4/13 with data on p-tau 217). In all studies, values of p-tau 181 were expressed
in pg/mL, with a wide range of values depending on the laboratory method used and
the fluid where the marker had been measured. Moreover, a different dilution (2 versus
4-fold) can be applied to the samples in the pre-analytical phase, influencing the lower
limit of detection. The majority of studies reported measurements obtained using Simoa
(9 studies). However, values are not comparable among studies, not even when analyzed
with the same method, because of the different use of assays, e.g., a commercial one or
an in-house returning values with a 10x difference. The study of Janelidze [31] used the
prototype Simoa assay ADx Neurosciences. Additionally, to our knowledge, p-tau values
obtained with different methods are not convertible among them.

In comparison with the meta-analysis of Li 2023 [39], we included only 13 studies
instead of 16, excluding those with a high risk of overlap in population, mainly based on
ADNI and Biofinder participants. Two ADNI studies (Cai and Yang) were included in our
meta-analysis since different methods were used to perform ADD diagnosis. In detail: the
study of Janelidze [10] was excluded because of overlap with Palmqvist (Ref. [59] Biofinder
study), the study of Cullen [69] was excluded because of an overlap with Palmqvist
(Biofinfer study) and Cai (Ref. [56] ADNI study), the study of Karikari [70] was excluded
for overlap with Cai [56], as well as the study of Shen [71] and Therrieult [72], with data
from the latter study also not being extractable. The study of Palmqvist [29] was excluded
due to overlap with Cai [56] (ADNI cohort) and with Palmqvist [59] (Biofinder cohort),
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the study of Kivisakk [73] was excluded because of an overlap with that of the same
Authors (Ref. [62] MADRC study), the study of Xiao [74] because the predictive value of
blood p-tau was assessed in combination with blood Aβ, and the study of Lehmann [75]
was excluded because it was not clear whether risk of conversion had been estimated for
ADD or for overall dementia. All studies included in the article by Li [39] were retrieved
by the search string of this review, except that of Shen [71]. As for their results, the
pooled ratio of means of p-tau 181 and 217 was higher in MCI converters than in MCI
non-converters. These data were comparable with ours using SMD. In the study by Li [39],
the overall discrimination estimate was greater for p-tau 217, 0.93 (95% CI: (0.90–0.95))
than for p-tau 181, 0.86 (95% CI: (0.83–0.89)) and, in the same way, in our study, the overall
discrimination estimate was greater for p-tau 217, 0.85 (95% CI: (0.75–0.91)) than for p-
tau 181, 0.73 (95% CI: (0.68–0.78)). For the AUC obtained for p-tau 181, the leave-one-out
procedure revealed that excluding the study of Park [66] from the meta-analysis resulted in
the highest AUC (0.74). This is because in the study of Park, the mean values of p-tau 181
are not significantly different between MCI converters and MCI non-converters, as shown
in Table 2. In our review, the diagnosis of ADD was biomarker supported in 3 out of 4
of the p-tau 217 studies, whereas it was biomarker supported in 3 out of 12 of the p-tau
181 studies. Thus, a sensitivity analysis was conducted on the A+ studies only for p-tau
181, with the results showing that the discrimination estimate of p-tau 181 for MCI in the
A+ studies was superior but not significantly higher than that obtained in the A− studies
(AUC 0.79 vs. 0.71).

Although including different original articles, the 2 reviews highlight the predictive
value of p-tau isoforms with a similar trend, supporting p-tau 217 as the most promis-
ing isoform.

In the meta-regression analysis, similarly to Li et al. [39], we found that the length of
follow-up and the age of participants did not change the predictive power of p-tau 181,
suggesting that this marker exerts its power in a wide range of years of follow-up (from 1
to 6 years), without any significant difference in the range of age assessed (68–79).

Finally, heterogeneity assessed in our meta-analysis was low for the studies of p-tau
181 included in the AUC analysis (I2 = 21.67), whereas in the other analyses it was high,
especially for p-tau 217. Because of the high level of heterogeneity detected in the p-tau
217 studies included in this meta-analysis, additional evidence is needed to confirm the
superior predictive power of p-tau 217 compared with p-tau 181.

It is well known that plasma p-tau is highly correlated with CSF p-tau values [15].
Similar results were obtained in a meta-analysis including 23 studies that assessed the
role of CSF p-tau in predicting conversion from MCI to ADD [76], where SMD was highly
significant (p < 0.0001) for the comparisons between stable MCI versus MCI converted to
ADD (−1.03 [CI −1.47, −0.59]). Moreover, the CSF Aβ(1–42)/p-tau ratio differentiated
converters from non-converters MCI robustly. This result was confirmed in CSF by the
meta-analysis of Salvado [77], where an AUC value of 0.92 was estimated in the Biofinder
1 cohort and of 0.87 in the Biofinder 2 cohort, including also age, sex, APOE-ε4 status in the
model. These results suggest a possible advantage of using this combination of biomarkers
also in the blood.

Overall, the results from this study encourage the adoption of blood-derived p-
tau isoforms for clinical use in two main settings in the near future, as suggested by
Scholl et al. [78]:

(1) in primary care, to reduce waiting times and costs of diagnosis to improve diagnostic
accuracy and to streamline referrals;

(2) in specialized centers as a first evaluation step for cognitive disturbances to select
patients for subsequent more complex evaluation, with the purpose of streamlining
the diagnostic process and for patient selection, stratification, and monitoring of
therapeutic effects in clinical trials.

However, since the risk of potential overdiagnosis exists, according to Jack et al. [5],
and recent suggestions from the World Health Organization (https://www.who.int/

https://www.who.int/publications/i/item/9789240099067
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publications/i/item/9789240099067, accessed on 17 November 2024), the target popu-
lation for BBMs is represented by early symptomatic cases.

Thus, potential population screening in the future still represents the most challenging
use [79] and is not recommended at this time.

Moreover, since the same biomarkers can play different roles, especially when different
thresholds are used (e.g., lower thresholds to screen patients for additional evaluation such
as PET or CSF assays, and higher thresholds to confirm the presence of the disease), different
cut-offs need to be determined for these purposes.

There are, however, some concerns about the use of p-tau in clinical settings: an impor-
tant risk of applying only p-tau markers is the underdiagnosis of non-AD pathologies and
other conditions potentially contributing to cognitive disorders in patients with negative
results [80]; some factors affect biomarker concentrations such as age, sex [81], and several
comorbidities including chronic kidney disease, hypertension, stroke, and myocardial
infarction [18], and their impact on the adopted threshold should be established. In this
regard, Bouteloup et al. [82] demonstrated that the variance in AD BBM concentrations
was mainly explained by age, with minor contributions from cognition, brain atrophy, and
genetics, differently from CSF measures, challenging, therefore, the use of BBMs as isolated
stand-alone biomarkers of AD.

Finally, in order to overcome interference of non-AD copathology on BBM inter-
pretation, VCAM1/ICAM1 and alpha-synuclein are emerging in research as new BBMs
suitable for the identification and characterization of non-AD copathology such as vascular
pathology and alpha-synucleinopathy, respectively [83].

Limitations and strengths in our meta-analysis should be acknowledged. Since several
studies did not report detailed information on the characteristics of the MCI sample, e.g.,
whether amnestic single or multiple domains or whether not amnestic, we decided not
to perform a sensitivity analysis for MCI subtypes. In addition, data extraction raised
some concerns: for a number of studies, data could not be directly extracted from the
articles to construct a 2 × 2 table nor obtained from the authors to calculate sensibility
and specificity values. As a consequence, we performed a meta-analysis limited to the
SMD and the AUC for p-tau 181 and 217. Due to the small number of studies included,
meta-regression analysis was performed only for p-tau 181. The predictive value of p-tau
isoforms might, therefore, have been underestimated due to insufficient research; on the
contrary, the use of repetitive measures in the same samples (as in the study of Janelidze
et al. [31]) might have led to overestimation of findings. Moreover, several of the included
studies have been carried out with individuals who are part of historical cohorts collected
in specialized centers and therefore not representative of the general population of patients
seen in regular memory clinics. Unfortunately, only one study analyzing blood p-tau 231
and only 4 studies analyzing blood p-tau 217 were retrieved by our search, making it
difficult to establish the predictive power of these isoforms. Only a few of the studies
included in this review and meta-analysis [30,31,59] compared the AUC of p-tau 217 and
p-tau 181 directly in the same cohort, reporting a higher value for p-tau 217 in the ability to
discriminate between MCI converters and non-converters in 2 out of 3 studies (0.746 vs.
0.677 and 0.932 vs. 0.846, [30,31]). Lastly, heterogeneity also is challenging to interpret the
findings of p-tau 217; thus, more studies are needed to validate our results. However, for
the findings of p-tau 181, compared with the meta-analysis of Li [39], our work is updated
and enriched by a sensitivity analysis focused on studies where the ADD diagnosis had
been biomarker-supported (A+) and did not include overlapping populations.

5. Conclusions

This meta-analysis supports the predictive role of blood p-tau 181 for conversion from
MCI to ADD and encourages its future implementation in clinical practice. Of note, the
predictive effects of p-tau 181 appear to be not sensitive to participants’ age and length of
follow-up for the range of years examined in the present study (age 68–79, 1 to 6 years).
P-tau 217 was identified as the most promising isoform in terms of prediction; however,

https://www.who.int/publications/i/item/9789240099067
https://www.who.int/publications/i/item/9789240099067
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since only 4 studies with high heterogeneity were included in the meta-nalysis, additional
supporting evidence is needed to confirm this finding. Insufficient results are available
from our review about p-tau 231.

Overall, further validation studies are needed before adoption of blood p-tau isoforms
in the routine diagnostic work-up of people experiencing cognitive decline, in order to validate
cut-offs, harmonize inter-laboratory methods, and define the impact of confounding factors.
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Abbreviations

A_pos Amyloid positivity assessed by Amyloid PET or cerebrospinal fluid analysis
A_neg Amyloid negativity assessed by Amyloid PET or cerebrospinal fluid analysis

A+
Study where ADD diagnosis was performed with clinical criteria and
amyloid by CSF or PET

A− Study where ADD diagnosis was performed with clinical criteria only
Aβ Beta-amyloid
AD Alzheimer’s Disease
ADD Alzheimer’s Disease Dementia
AUC Area under the receiver operating characteristic curve
BBMs Blood-Based Markers
CI Confidence Interval
CDR Clinical Dementia Rating
CSF Cerebrospinal Fluid
DSM Diagnostic and Statistical Manual of Mental Disorders
ELISA Enzyme-linked immunosorbent assay
FU Follow-up
MCI Mild Cognitive Impairment
MMSE Mini-Mental State Examination
MSA Mass Spectrometry Assays
MSD Meso Scale Discovery
NDDs Neurodegenerative Diseases
NIA-AA National Institute on Aging and Alzheimer’s Association

NINCDS-ADRDA
National Institute of Neurological and Communicative Disorders and Stroke
Stroke and the Alzheimer’s Disease and Related Disorders Association

PET Positron Emission Tomography
QUADAS-2 Quality Assessment of Diagnostic Accuracy Studies-2 version
SCD Subjective Cognitive Decline
Simoa Single-molecule array
SMD Standardized Mean Difference
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