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Abstract.
Background: While various biomarkers of Alzheimer’s disease (AD) have been associated with general cognitive function,
their association to visual-perceptive function across the AD spectrum warrant more attention due to its significant impact
on quality of life. Thus, this study explores how AD biomarkers are associated with decline in this cognitive domain.
Objective: To explore associations between various fluid and imaging biomarkers and visual-based cognitive assessments
in participants across the AD spectrum.
Methods: Data from participants (N = 1,460) in the Alzheimer’s Disease Neuroimaging Initiative were analyzed, including
fluid and imaging biomarkers. Along with the Mini-Mental State Examination (MMSE), three specific visual-based cognitive
tests were investigated: Trail Making Test (TMT) A and TMT B, and the Boston Naming Test (BNT). Locally estimated
scatterplot smoothing curves and Pearson correlation coefficients were used to examine associations.
Results: MMSE showed the strongest correlations with most biomarkers, followed by TMT-B. The p-tau181/A�1–42 ratio,
along with the volume of the hippocampus and entorhinal cortex, had the strongest associations among the biomarkers.
Conclusions: Several biomarkers are associated with visual processing across the disease spectrum, emphasizing their
potential in assessing disease severity and contributing to progression models of visual function and cognition.
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INTRODUCTION

Dementia is a debilitating clinical syndrome asso-
ciated with memory impairments, as well as a decline
in other areas of cognition such as visual processing,
linguistic ability, and executive functions, leading
to functional impairment [1, 2]. Alzheimer’s dis-
ease (AD) is the most common type of dementia,
affecting more than 25 million people globally [3].
AD is canonically defined by the presence of amy-
loid (A�) peptide-containing extracellular plaques
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and tau-containing neurofibrillary tangles [4]. This
pathophysiology leads to progressive neuronal and
synaptic loss [5]. Recently identified in vivo bio-
chemical markers enable a quantification of these
pathological processes, improving our understanding
of AD, and aiding in its early detection and accurate
diagnosis [6–8].

The A/T/N classification system proposed by the
National Institute on Aging and the Alzheimer’s
Association (NIA-AA) provides a framework for
grouping biomarkers based on the biological def-
inition of AD. It encapsulates the most accepted
biomarkers for the disease: those that measure
amyloid-� (“A”) and tau (“T”) pathology, and neu-
rodegeneration (“N”) [9]. These biomarkers can, for
example, be measured through protein concentrations
in cerebrospinal fluid (CSF), or via neuroimaging
techniques [10]. More recently, plasma-based mea-
sures, such as plasma A�1–42, phosphorylated tau181
(p-tau181), and neurofilament light chain (NfL), have
been proposed as potential biomarkers that can be
obtained by less invasive means [11–16].

Several of these biomarkers have been shown to be
associated with clinical symptoms of AD. For exam-
ple, it has been reported that CSF A�1–42 is positively
associated with increasing scores on global cognitive
assessments such as the Mini-Mental State Exami-
nation (MMSE) [17, 18]. Similarly, higher levels of
p-tau181 and NfL in CSF have been shown to be
associated with lower MMSE scores [17–19]. As AD
constitutes a multidomain neurodegenerative disease,
the assessment of domain-specific clinical severity
through more targeted cognitive tests is crucial to
fully characterize disease symptomatology. Doing
so in conjunction with biomarkers may also help to
determine whether specific pathophysiology is linked
to declines in certain domains. Previous research has
shown some of these associations [20–22].

Among the various cognitive and functional
domains, visual-perceptive ability and its decline
linked to AD warrant special attention due to the
significant negative impact on a patient’s quality
of life [23–26]. Individuals with AD may present
with deficits in visual acuity, as well as deteriora-
tion of aspects of higher-order visual processing, such
as object recognition and visual attention [27, 28].
Notably, widely used visual-based cognitive assess-
ments such as the Trail Making Tests (TMT) A and
B, and the Boston Naming Test (BNT), offer valuable
insights into disease progression. For instance, the
BNT, which measures visual confrontation naming
and recall, has been linked to atrophy in areas such as

the fusiform gyrus, which is functionally understood
to be involved in processing visual information, along
with areas of the brain involved in semantic mem-
ory [29–31]. Moreover, CSF NfL, a marker of global
axonal degeneration, has been shown to be negatively
correlated with the BNT, as well as the TMT-A and
TMT-B, which evaluate visuospatial ability and exec-
utive function [32]. Alterations in lower-order visual
processing in AD, such as decreased visual acuity
and integration, as well as reduced contrast sensitivity
and color perception, may underlie or exacerbate the
deficits in higher-order visual processing observed
in these patients [32–34]. To date, there is no com-
prehensive analysis investigating the association of
the various AD biomarkers with assessments testing
visuospatial ability and executive function in patients
across the whole AD spectrum.

Thus, the purpose of this study was to examine
the degree to which AD-specific and neurodegenera-
tion biomarkers are associated with different domains
of cognitive decline, with a particular focus on the
visual-based cognitive assessments. The cognitive
assessments used in this study were TMT A, TMT
B, and BNT, which are all predominantly visual in
nature and were chosen because they are commonly
used and sensitive to clinical symptoms of AD [35,
36]. The MMSE was included as an additional score
as a means of a baseline comparison. Overall, the
results of this study can improve our understanding
of the cognitive profile of the visual domain result-
ing from neurodegeneration. A deeper analysis of the
association between visual-perceptive abilities and
AD pathology may also inform the development of
in silico models of neurodegenerative diseases [37].

METHODS

Dataset and participants

We examined associations between AD-related
pathology and cognition using data from the
Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database. Specifically, data used in this
study were obtained from the LONI Image Data
Archive (adni.loni.usc.edu). The ADNI was launched
in 2003 as a public-private partnership, led by Prin-
cipal Investigator Michael W. Weiner, MD. The
primary goal of ADNI is to investigate whether serial
magnetic resonance imaging (MRI), positron emis-
sion tomography (PET), other biological markers,
and clinical and neuropsychological assessments
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can be combined to measure the progression of
mild cognitive impairment (MCI) and early AD
[38].

For this work, included were participants from
all ADNI phases (ADNI1, ADNI GO, ADNI2 and
ADNI3) who had completed the requisite four cog-
nitive assessments and had available biomarker data
at the ADNI baseline (i.e., participant first assess-
ment). Our cohort included all participants across the
AD continuum, that is, participants who were clas-
sified as cognitively normal (CN), MCI (including
early and late MCI), or AD. Our goal was to quantify
the extent of AD pathology and neurodegeneration as
a continuum utilizing the full spectrum of biomarker
values, rather than investigating group-wise differ-
ences of that pathology. Thus, the pooled sample was
analyzed independent of diagnostic groups. Not all
biomarker data were available for all ADNI partici-
pants at baseline. Therefore, to maximize the sample
size in the study, we employed the complete dataset
accessible for each biomarker, resulting in small vari-
ations in the composition of the participant groups
across biomarkers. Similarly, not every participant
completed each of the cognitive assessments at base-
line. Hence, we only included participants who had
completed all four assessments (Fig. 1).

For regional MRI biomarkers, we excluded partici-
pants from ADNI1. The majority of these participants
were scanned using 1.5T MRI scanners, as opposed
to 3T scanners for the remaining ADNI phases. This
exclusion mitigates the influence of different scanner
field strengths on volumetric measurements [39, 40],
and allows direct comparisons between participants
in the other three ADNI phases.

As per ADNI protocol, before conducting
protocol-specific procedures, informed written con-
sent was obtained from all ADNI participants. The
ADNI protocol received approval from the ethics
committees and Institutional Review Boards of par-
ticipating institutions, a full list of which can be found
in the Supplementary Material. This article does not
contain studies performed on human participants by
any of the authors.

Fluid biomarkers

Biochemical markers examined in this study
were obtained from CSF and plasma fluid sam-
ples, comprising a total of 1,173 CSF samples for
A�42, t-tau, and p-tau181, along with 404 samples
for CSF NfL, and 560 samples for plasma NfL
(Fig. 1). CSF peptides A�42, t-tau, and p-tau181 were

measured using Elecsys electrochemiluminescence
(ECL) immunoassays using an automated Cobas e
601 analyzer (Roche Diagnostics International Ltd).
Full details of the reagents and platforms used are
provided in [41]. In brief, the assay process consists
of two consecutive incubation steps. In the first step,
the sample is incubated with two monoclonal anti-
bodies that form a sandwich complex specific for the
detection of the biomarker [41]. During the second
incubation, after the addition of streptavidin-coated
magnetic microparticles, this complex attaches to
the solid phase. For detection, the reaction mix-
ture is then drawn into a measuring cell, where
the microparticles are magnetically captured on an
electrode surface. After a washing step to remove
unbound substances, a voltage is applied, inducing
chemiluminescent emission measured by a photo-
multiplier to quantify the target biomarker [41]. This
study included values of A�1–42 above the upper
technical limit of 1,700 pg/mL, which were based
on the extrapolation of the calibration curve. CSF
NfL was quantified using immunoassays specific
for NfL [42]. Plasma NfL was quantified using the
Single Molecule array (Simoa) technique, with an
assay combining monoclonal antibodies and purified
bovine NfL as a calibrator [19]. CSF NfL values were
reported in ng/L, whereas the remaining biomark-
ers were reported in pg/mL. We also included the
p-tau181–A�1–42 ratio, which has been shown to be
sensitive to AD pathology and to be associated with
brain amyloid burden [43].

CSF A�1–42, t-tau, and p-tau181 values were deter-
mined by the ADNI Biomarker Core laboratory at
the University of Pennsylvania [41, 44]. Samples
were obtained from participants enrolled in ADNI1,
ADNI GO, and ADNI2. CSF and plasma NfL val-
ues were determined by the Clinical Neurochemistry
Laboratory, University of Gothenburg, Sweden, with
samples obtained from a subset of ADNI1 partici-
pants only [19, 42].

Image acquisition and processing

Structural MR brain images were acquired accord-
ing to the ADNI protocol. A description of the
protocol used for MRI acquisition can be found in
[45]. All participants in this study were scanned
using a 3T MRI scanner. Four specific subregions
of the temporal lobe that are associated with amnes-
tic AD were included for analysis: the hippocampus,
entorhinal cortex, and fusiform and middle tempo-
ral gyri. These regions serve as powerful markers
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Fig. 1. PRISM flow diagram of participant inclusion in the final study sample. BNT, Boston Naming Test; TMT-A, Trail Making Test A;
TMT-B, Trail Making Test B; MMSE, Mini-Mental State Exam.

for evaluating the severity of the disease, as they
exhibit substantial rates of change in MCI and
AD, as evidenced by postmortem examinations and
MRI scans [46–49]. They are also thought to con-
tribute to higher-order visual perception [50–52].
Furthermore, the measurements of these regions
are readily accessible within ADNI. Volumetric and
cortical thickness data were computed by the Uni-
versity of California, San Francisco (UCSF) based
on the cross-sectional datasets. Cortical reconstruc-
tion and volumetric segmentation were performed
using FreeSurfer. Additional details of the UCSF
FreeSurfer methods used to analyze the MR images
are described in [53]. To control for differences in
overall brain size, each regional measurement was
divided by the patient’s full intracranial volume.

Neuropsychological assessments

Various global and domain-specific cognitive tests
are available in the neuropsychological battery of
ADNI; in this work, a subset consisting of MMSE,
BNT, TMT-A, and TMT-B was used. We used the
total scores for the MMSE and BNT for analysis
and the completion times of TMT-A and TMT-B.
The MMSE is used to assess global cognitive sta-
tus, examining various cognitive domains, including
attention, orientation, memory, registration, recall,
and calculation [54]. It is scored on a scale of 0 to 30,
with higher scores indicating better global cognitive
functioning. The BNT is a visual confrontation nam-
ing test that measures word retrieval [54]. The ADNI
study used the 30-item version of the BNT. Similar
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to the MMSE, a score closer to 30 represents bet-
ter domain-specific cognition. The TMT-A involves
connecting numbered circles in ascending order from
1 to 25, and is a measure of visual search, attention,
and speed [55, 56]. The TMT-B, which is a similar
but slightly more challenging test that requires alter-
nating between numbers and letters, measures the
same cognitive abilities along with executive func-
tions such as cognitive flexibility [55]. Both tests are
scored based on the time it takes to complete the
task, with faster completion times generally associ-
ated with better cognitive functioning and processing
speed.

Statistical analyses

The aim of this analysis was to assess the strength
and pattern of association between biomarkers for
AD pathology and the four cognitive assessments,
all of which contain a visual component. In this
investigation, the cognitive test scores served as inde-
pendent variables, while biomarkers were considered
the dependent variables.

We first inspected the univariate distribution of
each biomarker and cognitive exam, and assessed
normality with the Shapiro-Wilk test for each plot of
association between biomarker and cognitive assess-
ment. After that, the TMT A and TMT B scores were
log-transformed to achieve normality. All CSF and
plasma biomarkers, including the p-tau181–A�1–42
ratio, were also log-transformed.

To assess visual patterns of cognitive decline, we
plotted each biomarker against each cognitive assess-
ment using locally estimated scatterplot smoothing
(LOESS) (Figs. 2 and 3). We used LOESS in the
study due to its non-parametric nature, which does not
require making any underlying assumptions about the
distributions of biomarker or cognitive assessment
data. The goal was to take an exploratory approach
to investigate these relationships. The smoothing
parameter for all LOESS curves in this study was set
to α = 0.75. The plots were stratified by sex (reported
in ADNI as gender) to limit confounding effects.
Pearson correlation coefficients were calculated to
assess the degree of association between biomarkers
and cognitive assessments, and their absolute values
taken to simplify comparison (Fig. 4). Raw Pearson’s
correlation coefficients (without the absolute value)
are included in the Supplementary Material (see
Supplementary Figure 1). For clarity in our discus-
sion, we categorized the strength of each association
according to its correlation coefficient. Consequently,

associations within the range of 0.2 to 0.39 were
characterized as weak, those between 0.4 and 0.59
as moderate, and those with a correlation coefficient
greater than 0.6 were denoted as strong.

All statistical analyses were performed with the R
software (version 4.2.1) [57].

RESULTS

Demographic information and cognitive scores

The final subject sample used in this study com-
prised of 1460 unique participants. Among these
participants, the mean age at baseline was 73.64 years
(SD = 7.15), ranging from 54.4 to 91.4 years (45.48%
female). On average, participants had 15.98 years
of education (SD = 2.81). Detailed information on
cohort-specific demographics and mean test scores
is shown in Table 1.

Fluid biomarkers

An examination of the correlation coefficients
comparing the degrees of association between the
four cognitive tests and six fluid biomarkers (p-
tau181, t-tau, A�1–42, CSF NfL, plasma NfL, and
p-tau181/A�1–42 ratio) revealed that the MMSE con-
sistently showed the strongest correlation with most
fluid biomarkers (Fig. 4). Depending on sex, these
correlations were either moderate or weak for p-
tau181 (0.429 for females and 0.316 for males), t-tau
(0.423 for females and 0.297 for males), and plasma
NfL (0.359 for females and 0.304 for males). Notably,
exceptions were found for A�1–42 and CSF NfL,
where TMT-B, instead of MMSE, demonstrated a
stronger, albeit still weak to moderate, correlation
with these biomarkers. Specifically, among males, the
coefficient was 0.408 for A�1–42 and 0.264 for CSF
NfL, while among females, it was 0.391 for A�1–42
and 0.222 for CSF NfL. The cognitive assessment
showing the lowest correlation with fluid biomark-
ers was either BNT or TMT-A, depending on the
biomarker and sex studied.

Among the fluid biomarkers, the p-tau181/A�1–42
ratio demonstrated the highest associations with
MMSE. Both, male and female participants, exhib-
ited moderate negative correlation coefficients of
–0.453 and –0.495, respectively. This finding sug-
gests that a higher p-tau181/A�1–42 ratio was
associated with lower MMSE scores. Analyzing the
visual relationship between cognitive test scores
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Fig. 2. Panel of scatterplots for fluid biomarkers versus cognitive assessments with fitted LOESS curves. LOESS curves were computed
with a smoothing parameter of 0.75. Error bands represent 95% confidence intervals. MMSE, Mini-Mental State Exam.
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Fig. 3. Panel of scatterplots for imaging biomarkers vs. cognitive assessments with fitted LOESS curves. LOESS curves were computed
with a smoothing parameter of 0.75. Error bands represent 95% confidence intervals. MMSE, Mini-Mental State Exam.

and the p-tau181/A�1–42 ratio showed that the
MMSE and the BNT exhibited a tail-ended drop,

whereby even small decreases in these cognitive
test scores were reflected by sharp increases in
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Fig. 4. Absolute Pearson’s correlation coefficient matrix of biomarkers and cognitive assessments. Correlation coefficients represent the
association level between each biomarker and cognitive assessment, separated by sex. The first four columns correspond to imaging biomark-
ers, and the last six columns correspond to fluid biomarkers. BNT, Boston Naming Test; TMT-A, Trail Making Test A; TMT-B, Trail Making
Test B; MMSE, Mini-Mental State Exam.

the p-tau181/A�1–42 ratio (Fig. 2). In contrast, the
association between the p-tau181/A�1–42 ratio and
completion times for TMT-A and TMT-B appeared
more linear (Fig. 2).

Individually, p-tau181 and A�1–42, along with
t-tau, showed similar tail-ended changes as the p-
tau181/A�1–42 ratio when plotted against the MMSE
and to a lesser degree against the BNT (Fig. 2).
Biomarker associations with TMT-A and TMT-B
completion times also appeared more linear.

The correlation coefficients between plasma or
CSF NfL and each of the cognitive assessments (with
the exception of BNT) were comparatively lower
compared to other fluid biomarkers (Fig. 4). Notably,
both CSF and plasma NfL exhibited a consistent and
linear decline in association with improving cogni-
tive scores (Fig. 2). When examining the relationship
between fluid biomarkers and the BNT, both CSF
and plasma NfL, also exhibited the highest corre-
lation coefficients with BNT (0.246 and 0.351 for
CSF NfL, and 0.302 and 0.286 for plasma NfL,
for males and females respectively), followed by
the p-tau181/A�1–42 ratio and A�1–42 (Fig. 4). The
BNT showed the lowest correlation coefficients with
p-tau181 and t-tau (0.204 and 0.274 for p-tau181,
and 0.195 and 0.273 for t-tau, among males and
females respectively). These findings indicate weaker
associations between p-tau181, t-tau, and the BNT,
compared to other fluid biomarkers.

Imaging biomarkers

The MMSE demonstrated the highest degree
of association with most regional brain volume
biomarkers, indicating a moderate relationship with
cognitive performance (Fig. 4). The only exception
was the fusiform gyrus, which exhibited a stronger
association with TMT-B than with MMSE (0.327 for
males and 0.44 for females compared to 0.303 for
males and 0.351 for females). The entorhinal cor-
tex and hippocampus showed stronger associations
with the MMSE (0.360 and 0.437 for the entorhinal
cortex, and 0.473 and 0.424 for the hippocampus,
among males and females respectively) and BNT
(0.367 and 0.383 for the entorhinal cortex, and 0.395
and 0.308 for the hippocampus, among males and
females respectively), while the fusiform gyrus and
middle temporal gyrus exhibited stronger associa-
tions with TMT-A (0.238 and 0.344 for the fusiform
gyrus, and 0.254 and 0.381 for the middle tempo-
ral gyrus, among males and females respectively)
and TMT-B (0.327 and 0.440 for the fusiform gyrus,
and 0.351 and 0.379 for the middle temporal gyrus,
among males and females respectively).

Among imaging biomarkers, the entorhinal cortex
had the strongest association with MMSE (0.36 for
males and 0.436 for females), along with the hip-
pocampus (0.473 for males and 0.424 for females).
However, these associations were relatively weaker

CORRECTED PROOF



A
.M

em
on

etal./VisualF
unction

and
A

lzheim
er’s

D
isease

B
iom

arkers
9

Table 1
Demographic and cognitive data for 1460 ADNI participants by biomarker cohort

Biomarker cohorts
Group A�1–42, t-tau,

p-tau181,
p-tau181/A�1–42

CSF NfL Plasma NfL Hippocampus Entorhinal cortex,
Middle temporal
gyrus, Fusiform gyrus

Demographic
Number of subjects 1,173 404 560 801 772
Mean age in years (SD) 73.28 (7.24) 74.89 (6.94) 75.35 (6.67) 72.60 (7.18) 72.01 (6.99)
Percent female 44.59 39.36 41.79 48.19 49.22
Mean education in years (SD) 16.09 (2.73) 15.69 (2.95) 15.55 (2.98) 16.22 (2.66) 16.31 (2.61)
Participants in
each diagnostic
group (%)

CN 362 (30.86) 116 (28.71) 192 (34.29) 269 (33.58) 265 (34.33)

MCI 607 (51.75) 195 (48.27) 198 (35.36) 419 (52.31) 412 (53.37)
AD 204 (17.39) 93 (23.02) 170 (30.36) 113 (14.11) 95 (12.31)

Mean cognitive test scores (SD)
MMSE CN 29.04 (1.16) 29.08 (1.03) 29.09 (0.99) 29.02 (1.20) 29.02 (1.24)

MCI 27.74 (1.81) 26.93 (1.80) 26.90 (1.79) 28.10 (1.67) 28.10 (1.68)
AD 23.46 (1.93) 23.58 (1.86) 23.33 (2.00) 23.24 (1.96) 23.29 (1.98)

TMT-A CN 34.17 (11.92) 36.80 (13.52) 36.53 (13.23) 33.74 (11.40) 33.17 (10.91)
MCI 40.61 (18.94) 44.94 (23.26) 45.40 (24.11) 38.36 (15.59) 38.43 (15.69)
AD 61.52 (33.89) 67.81 (37.28) 65.06 (34.16) 59.11 (31.67) 58.88 (32.86)

TMT-B CN 84.59 (42.49) 89.59 (41.81) 89.78 (42.95) 84.21 (43.39) 81.95 (42.17)
MCI 113.40 (63.56) 131.92 (72.43) 133.86 (73.21) 104.84 (56.81) 103.72 (55.18)
AD 196.28 (87.07) 204.49 (86.35) 198.24 (87.32) 196.56 (85.61) 196.60 (84.15)

BNT CN 28.04 (2.24) 27.55 (2.47) 27.83 (2.39) 28.19 (2.13) 28.20 (2.14)
MCI 26.46 (3.64) 25.67 (4.00) 25.46 (4.00) 26.99 (2.96) 26.88 (3.39)
AD 22.77 (5.82) 23.02 (6.20) 22.41 (6.31) 22.23 (5.60) 22.42 (5.38)

t-tau, total tau; p-tau, phosphorylated tau; CSF, cerebrospinal fluid; NfL, neurofilament light chain; CN, cognitive normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MMSE,
Mini-Mental State Examination; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B; BNT, Boston Naming Test; SD, standard deviation.
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compared to the association between MMSE and
p-tau181/A�1–42 ratio. When examining the associa-
tion with BNT, the imaging biomarkers demonstrated
higher correlation coefficients compared to most fluid
biomarkers (Fig. 4). Only CSF and plasma NfL exhib-
ited stronger associations.

All imaging biomarkers showed an approximate
linear LOESS curve when analyzed in relation to cog-
nitive test scores, although the relationship between
each of the imaging biomarkers and BNT appeared
to have a slight concave downward trend (Fig. 3).

DISCUSSION

The primary objective of this study was to inves-
tigate and compare the associations between specific
biomarkers and visual-perceptive cognitive abilities
in participants across the whole AD spectrum. In
doing so, we investigated the visual pattern of cog-
nitive decline in terms of changes in biomarkers.
Several fluid and structural MR biomarkers were
included in this study and analyzed in conjunction
with four cognitive assessments: the MMSE, TMT-A,
TMT-B, and BNT. The MMSE, a measure of global
cognitive functioning, exhibited the strongest associ-
ations with most biomarkers, indicating that it is more
sensitive to variations in biological pathophysiology
when compared to domain-specific cognitive assess-
ments (Fig. 4). This observation is consistent with
existing literature, where the MMSE demonstrates
higher reported sensitivities than TMT and BNT
in classifying subjects into AD diagnostic groups
[58–60, 35]. This finding may be attributed to the fact
that the assessment of multiple cognitive domains in
the MMSE enhances sensitivity to AD-related brain
changes. As a result, even if AD pathology affects
specific cognitive domains, it is more likely to be
detected by a generalized cognitive assessment such
as the MMSE because it is more robust than many
domain-specific assessments alone. It is likely for
similar reasons that the MMSE outperformed its indi-
vidual components in the diagnosis of AD in previous
studies [61, 62]. The brain regions involved in higher-
order visual processing, such as the fusiform gyrus,
as well as the middle temporal gyrus involved in
semantic memory, showed significant associations
with TMT-A and TMT-B, which measure visuospa-
tial abilities and symbol recognition, among other
cognitive functions [63, 64]. Furthermore, poorer
performance on the BNT, a measure of confronta-
tional recall, was strongly associated with atrophy

in memory-related brain regions, specifically the
entorhinal cortex and hippocampus. This observation
aligns well with the existing literature that highlights
the involvement of these regions in memory processes
[65].

Among the biomarkers studied, the p-
tau181/A�1–42 ratio had the strongest correlations
with all cognitive assessments, the only exception
being the BNT (Fig. 4). Previous research has
shown an inverse correlation of the p-tau181/A�1–42
ratio with visual-spatial abilities, such as the clock
drawing test, in patients with AD, which emphasizes
the ratio’s potential as a marker of visual-spatial
cognitive impairment [66]. These results further
contribute to existing research that has demonstrated
the potential of this biomarker for diagnostic
assistance, screening purposes, and prognostic eval-
uation [67, 68]. Additionally, while p-tau181 and
A�1–42 individually have been shown to be strong
biomarkers for AD pathology, this result suggests
that considering both, tau and amyloid pathology,
simultaneously better reflects cognitive decline
[69]. The superior correlation of p-tau181/A�1–42
compared to p-tau181 and A�1–42 alone can be
attributed to several possible reasons. For example,
combining measures of two distinct pathological
processes of AD into a single diagnostic biomarker
may enhance its effectiveness [44]. Additionally,
utilizing ratios of one protein to other brain-derived
proteins may normalize natural fluctuations in
protein concentration [44].

Furthermore, these findings are complemented
by research demonstrating that tauopathy, includ-
ing elevated phosphorylated tau, is associated with
impairments in visuospatial episodic memory, align-
ing with our observations of the p-tau181/A�1–42
ratio’s cognitive correlations [70–72]. This supports
the notion that tau pathology may have a pronounced
impact on certain cognitive domains, particularly
visuospatial aspects of functioning, in the continuum
of AD.

Elevated levels of NfL, a marker of axonal degener-
ation, have been consistently associated with poorer
performance on cross-sectional cognitive tests [73].
In our study, we observed weak associations between
higher plasma and CSF NfL levels and lower cogni-
tive test scores (Fig. 4). However, in particular, NfL
exhibited a stronger association with the BNT com-
pared to other fluid biomarkers. Given that the BNT
primarily measures confrontational recall and was
previously shown to be associated with atrophy in the
entorhinal cortex and hippocampus, these findings
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may suggest that axonal-predominant degeneration
in these specific regions may contribute to recall
deficits. While recent research in other neurodegener-
ative diseases lends some credence to this hypothesis
[74], further investigations on regional neuroax-
onal degeneration in patients would be required to
establish direct evidence for this assumption. The cor-
relation coefficients for CSF and plasma NfL were
similar, showing slight variations between different
cognitive assessments and with respect to sex (Fig. 4).
However, no consistent trend was discernible in rela-
tion to sex. These results support the use of plasma
NfL as a biomarker that can be obtained through
less invasive methods while providing comparable
information to CSF NfL.

With respect to the visual analysis of patterns
related to the changes in imaging biomarkers and cog-
nition, our findings suggest that the regional variation
in brain volumes correlates with cognitive perfor-
mance (Fig. 3). In contrast, the patterns of change
in fluid biomarkers and cognition exhibited greater
variability. These findings are consistent with the
existing body of knowledge suggesting that differ-
ent biomarkers reflect distinct mechanisms of damage
[75]. For instance, similar patterns of diminished
task performance have been observed in artificial
neural networks when synaptic damage occurs, as
opposed to neuronal damage [37]. Variations in pat-
terns between biomarkers may also be explained by
our understanding that changes in different biomark-
ers occur at different stages of the disease continuum
[75].

Close inspection of the observed patterns also
revealed that even minor declines in cognition
were accompanied by sharp changes in some
fluid biomarker values, especially p-tau181/A�1–42
(Fig. 2). This finding suggests that subtle changes
in cognitive function beyond a certain threshold are
associated with significant changes in fluid biomark-
ers. One possible explanation for this phenomenon is
the presence of a cognitive reserve, which allows the
brain to withstand limited damage before cognitive
deficits become more pronounced [76, 77]. In con-
trast, the presence of a linear relationship between
cognitive assessments and various imaging and fluid
biomarkers indicates heterogeneity between mark-
ers that warrants further investigation. The findings
presented here provide a more detailed picture of
specific patterns of degeneration with biomarkers
and subsequent cognitive decline, specifically visual
processing. This will help future studies to develop
more precise models of disease progression, which

may lead to the investigation of optimal intervention
strategies.

The present study has several limitations that
should be acknowledged. First, the data used in this
work are subject to considerable variance from con-
founding factors, such as participant age, education,
ailment condition, carrier status of APOE ε4, or vari-
ables such as body mass index and creatinine, which
are known to affect plasma biomarker values [78].
The design of the study, namely our reliance on a
visual analysis of trends, posed challenges in control-
ling for these factors. Although further stratification
of the graphs beyond sex could potentially mitigate
this issue, it would introduce complexity to the anal-
ysis. Second, visual analysis of trends introduces
other inherent limitations. Describing these trends
in a manner that allows for direct comparisons is
challenging, and even when attempted, the subjec-
tive nature of those descriptions persists. We made a
deliberate choice to utilize LOESS over other gen-
eral multivariate regression models to better observe
the intrinsic behavior of the data and account for its
natural variations without making any strict assump-
tions. Moreover, it is important to acknowledge that
the study population consisted of ADNI participants,
who tend to have higher levels of education and may
not be fully representative of the general population.
Finally, it should be noted that the comparison of
results between different biomarkers should be inter-
preted cautiously due to the utilization of different
cohorts for each biomarker, thereby adding another
degree of variability that limits direct comparisons.

In conclusion, this study investigated biomarker
associations with the decline of visual processing,
providing valuable insights into the intricate relation-
ship between biomarkers and cognition across the
AD spectrum. Relevant correlations were observed
between biomarkers and cognitive performance,
highlighting their potential value in assessing disease
severity. Brain regions associated with visual pro-
cessing and memory showed significant associations
with corresponding cognitive assessments. Overall,
these findings contribute to our understanding of the
complex interplay between biomarkers and cognitive
decline of the visual domain in patients along the AD
spectrum.
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