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ARTICLE INFO ABSTRACT

Keywords: Despite the increasing availability of biomarkers in clinical settings, diagnosing individuals with subtle cogni-
MRI tive/behavioral symptoms and normal structural brain imaging remains challenging. In real-world settings, it is
Dementia not feasible to subject all such patients to costly and invasive second-level assessments, and there are no clear
Eaeii’(;zt:::nemﬁm guidelines for identifying those who should undergo these procedures beyond clinical follow-up and structural
SIENA imaging. The present study explores the potential of repeated magnetic resonance imaging (MRI) in this context.

We investigated whether detecting pathological brain volume (BV) changes exceeding normal aging could aid in
deciding whether advanced biomarker testing is reasonable. Individuals with subtle cognitive/behavioral com-
plaints underwent baseline and 18-month follow-up assessments (neuropsychological evaluation, MRI, and
biomarker tests). Annualized percentage of BV change (PBVC/y), adjusted for age, sex, and scanner, was
calculated with SIENA, and classified whether exceeding the 80th/95th percentiles of normative data. At follow-
up, participants were classified (I) Converters/Non-Converters based on clinical information, (II) Non-con-
verters+/Non-Converters- based on biomarkers status, and (III) Underlying disease based on both clinical follow-
up and biomarkers. Logistic regressions assessed PBVC/y, baseline BV, and Mini-Mental State Examination
change as predictors of participants’ classification. Among 110 participants, PBVC/y exceeding both the 80th/
95th percentiles increased the probability of being classified Converters or Alzheimer’s disease/Frontotemporal
dementia. Exceeding the 80th percentile increased the odds of being classified Non-Converters+. Our results
suggest that the application of SIENA normative data to repeated MRIs may help in deciding whether or not
performing more invasive and high-cost second-level procedures in individuals with early-stage and subtle
cognitive/behavioural changes.

Cognitive impairment

1. Introduction degeneration causing worsening deficits in cognition, behaviour, sen-
sory functions, and/or motor skills (Wilson et al., 2023). Neurons’ death

Neurodegenerative diseases such as Alzheimer’s disease (AD) and results in loss of cerebral tissue, visible as cerebral atrophy, which is
Frontotemporal dementia (FTD) are characterized by a progressive accelerated in neurodegenerative conditions compared to physiological
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aging (Blinkouskaya and Weickenmeier, 2021; Coupé et al., 2019). In
healthy individuals, the annual rate of brain volume (BV) loss has been
reported between 0.1 % and 0.5 %, and it accelerates with increasing
age (Fjell et al., 2009; Resnick et al., 2010; Takao et al., 2012). In AD,
whole brain atrophy rates range between 1 % and 4 % per year, and
hippocampal atrophy reaches up to 4.6 % per year (Barnes et al., 2009;
Sluimer et al., 2008). In FTD, whole brain atrophy goes up to rates of 5 %
per year, with variability depending on the clinical subtype and affected
regions (Marino et al., 2019; Staffaroni et al., 2020).

Cerebral atrophy can be detected through brain magnetic resonance
imaging (MRI). Because it is easily accessible and not-invasive, MRI is
one of the most frequently performed assessments along the diagnostic
pathway of people presenting with cognitive or behavioural complaints,
usually in combination with neuropsychological testing (Liu et al.,
2011). However, a single cross-sectional MRI may not be enough to
determine whether any observed atrophy can be considered physio-
logical or pathological: repeating the MRI scan a few months later may
be useful for testing potential changes. Visual assessment with scales
such as the Global Cortical Atrophy scale (Pasquier et al., 1996) or the
Medial Temporal lobe Atrophy score (Scheltens et al., 1995), which still
remains the standard neuroimaging interpretation, is not sufficiently
sensitive to discriminate whether or not there has been a pathological
BV loss. This is particularly true in the case of early-stage disease and/or
young age of onset of the disease, when the rates of BV loss — both
physiological and pathological - are lower.

In the past years, substantial effort has been spent in developing MRI-
derived methods for objective BV quantification, leading to the devel-
opment of several automated software that can measure longitudinal
changes in BV. Most of these methods have been validated in conve-
nience cohorts rather than real world clinical data. However, the
application of these methods to the single-subject in clinical practice
requires the identification of normative values as well as the validation
of their use in specific diseases. One of these methods is SIENA (Struc-
tural Image Evaluation, using Normalization, of Atrophy) (Smith et al.,
2002, 2001), a tool implemented in FMRIB Software Library (FSL)
which allows the quantification of longitudinal BV changes. This method
has been previously used in a large cohort of healthy volunteers covering
the whole adult lifespan to identify normative values depending on age,
sex, and scanner-related variables (e.g., channel coil, electromagnetic
field) (Battaglini et al., 2019). Furthermore, it has already been
employed to measure BV loss rates in neurological conditions like
multiple sclerosis (Barnett et al., 2023; Uher et al., 2021). Here we apply
SIENA to real world data derived from patients with a subtle cognitive or
behavioural complaint seen in cognitive neurology clinics, with the aim
to validate the clinical utility of repeated brain MRI imaging in this
specific setting, to guide the use of more invasive and high-cost bio-
markers. We tested whether the comparison with normative data of BV
changes measured over 18 months in these individuals is clinically
useful in identifying those with pathological changes and adds infor-
mation to what can be detected clinically, especially when the symptoms
are subtle. Integrating our results with existing clinical criteria and
guidelines (Fabrizi et al., 2024; Frisoni et al., 2024), we created a
flowchart that might be useful in the clinical diagnostic work-up of in-
dividuals presenting with very early-stage cognitive or behavioural
disorders, before performing more invasive and high-cost second-level
procedures.

2. Materials and methods
2.1. Participants and assessments

Eligible individuals with a clinical diagnosis of subjective cognitive
decline (SCD) (Jessen et al., 2020), mild cognitive impairment (MCI)
(Petersen et al., 2014), or mild behavioural impairment (MBI) (Ismail
et al., 2016) seen in the outpatient cognitive neurology clinics of Uni-
versity Hospital of Modena and Arcispedale of Santa Maria Nuova of
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Reggio Emilia, Northern Italy, between 2019 and 2021 were recruited.
The clinic of the University Hospital particularly serves a population of
about 700.000 inhabitants of the province of Modena with a focus on
young onset, mild symptoms, or challenging diagnosis (Chiari et al.,
2021). All participants were Caucasian and native Italian speakers. We
excluded individuals with head trauma, focal brain injuries, diagnosis of
Parkinson’s disease or inflammatory disease of the central nervous
system. At baseline, individuals underwent the following assessments:

— Clinical evaluation including family and medical history and
neurological examination.

— Neuropsychological assessment, which included the Mini-Mental
State Examination (MMSE) (Measso et al., 1993) as a measure of
global cognition and an extended battery for the evaluation of single
cognitive domains, such as language, visuo-constructional and vi-
suospatial abilities, memory, and attentional-executive functions, as
well as the Neuropsychiatric Inventory (Cummings et al., 1994) to
investigate behavioural disturbances and Activities of Daily Living
(ADL) and Instrumental ADL (Lawton and Brody, 1969) question-
naires to assess functional independence (see Supplementary Mate-
rials for a detailed description of the neuropsychological
assessment).

— Brain MRIL.

— When the clinical history and the above initial assessments (clinical
evaluation, neuropsychological assessment, and MRI) were sugges-
tive of a diagnosis of AD, then we also performed lumbar puncture
for measurement of cerebrospinal fluid (CSF) AD biomarkers [i.e.,
B-amyloid; 42 and p-amyloid; 49 ratio (APy1_42/AP1-40) ratio]
(Constantinides et al., 2023) or (‘®F)Flutemetamol-PET (amy-
loid-PET) to confirm the diagnosis.

— When the clinical presentation and the initial assessments were more
suggestive of a diagnosis of FTD or DLB, then we performed (‘°F)
Fluorodeoxyglucose PET (FDG-PET) to support such diagnoses.

After 18 months (+2 months) from the baseline assessment, partic-
ipants repeated the brain MRI and the neuropsychological evaluation.
This last also included the repetition of the functional independence
scales (ADL and IADL) to check for loss of abilities and determine con-
version to dementia according to DSM-5 criteria (See paragraph 2.3).

The consent form of all participants was obtained according to the
Declaration of Helsinki and the study was approved by the Local Ethics
committees (832/2018/SPER/AOUMO and AUSLRE n. 2019/0009686).

2.2. Image acquisition and SIENA application

Images of participants were acquired on a 3 T GE Signa Architect
scanner in University Hospital of Modena, equipped with a 48-channel-
array head coil. The MRI protocol included, among other sequences,
high-resolution T1-weighted 3D MP-RAGE structural images (TR 2 s; TE
3.1 ms; FOV 172x256x256 mm?; voxel dimension 1 mm isotropic). The
same scanner and protocol were used at baseline and at 18-months
follow-up MRI. Images were analysed using FSL v6.0 software
(https://fsl.fmrib.ox.ac.uk/fsl). An initial visual quality control was
performed to exclude images with artifacts.

2.2.1. Atrophy assessment

Global BV changes over time were quantified using the SIENA
method (Smith et al., 2002, 2001). This tool utilizes images from two
different time points and estimates local shifts in brain edges throughout
the brain. These edge displacements are then converted into a global
estimate of percent BV change (PBVC) between the two time points. To
further improve the accuracy of the PBVC estimation, an automated
procedure of brain extraction, able to improve the removal of non-brain
tissues (Battaglini et al., 2018) was implemented in the SIENA pipeline.
Fig. 1 provides a graphical explanation of how SIENA works. In the
SIENA render (as seen in the “Atrophy computation” in Fig. 1), regions
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Original Brain/skull Registration Mask union Atrophy
images segmentation to half-way and FAST computation

Follow-up

atrophy S— () E— growth

Fig. 1. Workflow of SIENA. SIENA carries out the following steps. 1) Brain and skull segmentation for the two input images. 2) Registration of the two brain images
into a half-way space, so that they both suffer the same amount of interpolation-related blurring. 3) Combination of the two aligned masks after brain and non-brain
tissue segmentation. 4) Estimation of the parenchymal volume change between the two images at each voxel, through the estimation of parenchymal edge

displacement (represented as red and blue lines on the right).

in red/yellow reflect apparent local volume increases derived from edge
displacement computations; these are primarily due to factors such as
registration variability, noise, or partial volume effects. In other cases,
apparent expansion may also reflect transient biological changes, such
as fluctuations in hydration status, which can affect BV. Therefore, red
areas in the visualization should be interpreted with caution.

The annualized PBVC (PBVC/y) of each participant was calculated.
Using previously published data on healthy participants (Battaglini
et al., 2019), we were able to estimate predicted PBVC/y values, as well
as the PBVC/y value at the 95th and 80th percentiles, given age, sex,
months between the two MRIs, and MRI parameters acquisition. More

precisely, the 95th and 80th percentile thresholds were derived from the
distribution of arctan-transformed PBVC/y values obtained in a cohort
of 421 healthy individuals (aged 16-90 years, with at least 6 months
between scans), using a mixed-effects model with a random intercept
and fixed effects for age and magnetic field strength; the cut-offs
correspond to + 0.84 and + 1.64 times the total standard deviation,
combining both inter- and intra-subject variability. The 95th percentile
is an obvious and more selective threshold which classifies as patho-
logical those individuals with a PBVC/y above the 95th percentile
relative to normative data. The 80th percentile is a larger and less se-
lective threshold which classifies as pathological those with a PBVC/y

n=110

Eligible participants
SCD/MCI/MBI

Excluded after MRI

quality control
n=23

n=287

Included participants

I classification: Converters
conversion from n=21

Non-Converters
n =66

Excluded for

SCD/MCI/MBI to a
dementia diagnosis

biomarkers not
performed
n=8

Il classification:

clinical stability but Non-Converters+ Non-Converters-
presence/absence of at n=15 n=43

least one positive

l

biomarker suggestive of
a neurodegenerative
dementia

{ 1l classification:
presence/absence of a
neurodegenerative

dementia
independently from
clinical status

Fig. 2. Participants’ selection and classification. The flowchart illustrates the selection process for the participants and how they were classified in the three
diagnostic levels. SCD: subjective cognitive decline, MCI: mild cognitive impairment, MBI: mild behavioural impairment, AD: Alzheimer’s disease, FTD: Fronto-

temporal dementia, DLB: Dementia with Lewy bodies.
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above the 80th percentile. The PBVC/y of each participant were
compared to these PBVC/y reference values allowing the assessment of
deviation from normal behaviour.

2.3. Participants’ classification and statistical analyses

We performed statistical analyses based on participants’ classifica-
tion on three different diagnostic levels, specifically described in the
following paragraphs (Fig. 2).

More precisely, we tested the performance of PBVC/y and compar-
ison to normative data against each of the classification levels. For each
level, we executed five different univariate logistic regression analyses
with the clinical outcome as dependent variable and, as independent
variables: (I) The PBVC/y classification based on the 95th percentile
threshold of normative data; (II) The PBVC/y classification based on the
80th percentile threshold of normative data; (III) The PBVC/y used as
continuous variable; (IV) The individual baseline BV; (V) The difference
between MMSE raw score at follow-up and baseline (AMMSE), used to
account for cognitive decline over time, instead of relying solely on
baseline clinical severity. Multivariate logistic regression analyses were
performed adding basal BV and AMMSE as regressors in models I, II, and
III. There was no need to consider age and sex in the models as covariates
since they were already considered in the computation of PBVC/y. Since
the PBVC/y is reported as a negative value (i.e., the higher the BV loss,
the more negative the value), for the regression models we substitute the
PBVC/y values with the -PBVC/y ones, to make the results easier to
interpret. Analyses were performed with Stata version 18 (StataCorp.
Stata Statistical Software: Release 18., 2023) and the statistical
threshold was set at p < 0.05. Demographical and cognitive (AMMSE)
variables and PBVC/y were reported as median and interquartile range.
Differences between groups were assessed with Mann-Whitney U,
Kruskal-Wallis, and Chi-square tests.

2.3.1. First diagnostic level: Converters vs Non-Converters

We classified participants in Converters and Non-Converters based
on the clinical outcome at follow-up. More precisely, they were designed
as Converters if, after 18 months from baseline, they had transitioned
from a Minor Neurocognitive Disorder to a Major Neurocognitive Dis-
order due to the loss of functional independence in the activities of daily
living (ADL and IADL), in accordance with the DSM-5 guidelines
(American Psychiatric Association, 2013). Neuropsychological evalua-
tion and MRI findings were not considered for the classification in
Converters versus Non-Converters. Additionally, Converters were
further classified according to whether they met criteria for dementia
due to AD (McKhann et al., 2011), FTD (Rascovsky et al., 2011), or DLB
(McKeith et al., 2017). They were designed as Non-Converters if they
had remained with a clinical diagnosis of SCD, MCI, or MBI indepen-
dently of their biomarkers’ status. More precisely, Non-Converters
included individuals that had remained clinically stable even if the use
of biomarkers had suggested the presence of an underlying neurode-
generative dementia in its earlier phase - such as MCI due to AD (Albert
et al., 2011), prodromal FTD (Benussi et al., 2021), or prodromal DLB
(McKeith et al., 2020) -, and participants with negative or unavailable
biomarker-based investigations.

2.3.2. Second diagnostic level: Non-Converters+ vs Non-Converters-

We further classified Non-Converters (i.e., the ones who remained
clinically stable at the 18-month follow-up) based on biomarker char-
acterization. More precisely, patients who presented at least one
biomarker that pointed towards a neurodegenerative dementia diag-
nosis (i.e., amyloid-PET positivity or CSF biomarkers suggesting AD,
FDG-PET pattern of hypometabolism consistent with a diagnosis of FTD
or DLB) were classified as Non-Converters+ (NC+), whereas the
remaining individuals for whom biomarkers were negative were clas-
sified as Non-Converters- (NC-). For example, a participant was designed
as NC+ if clinically stable but with a positive amyloid-PET indicative of
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AD pathology congruent with the clinical phenotype, or with fronto-
temporal hypometabolism at FDG-PET and a behavioural/cognitive
profile suggestive of prodromal FTD. On the contrary, a participant was
classified as NC- if biomarkers were negative and follow-up information
suggested the absence of an underlying neurodegenerative disease [i.e.,
behavioural disturbances suggestive of any psychiatric disorder
(American Psychiatric Association, 2013) or other medical conditions
that could explain the clinical picture such as, for example, Vitamin B12
deficiency].

2.3.3. Third diagnostic level: underlying disease

We finally classified participants based on the underlying neurode-
generative disease, irrespectively of the clinical stage, according to the
following criteria: dementia due to AD (McKhann et al., 2011) and MCI
due to AD (Albert et al., 2011) for the AD group, FTD (Rascovsky et al.,
2011) and prodromal FTD (Benussi et al., 2021) for the FTD group, and
DLB (McKeith et al., 2017) and prodromal DLB (McKeith et al., 2020) for
the DLB group. This classification only regarded, by definition, Con-
verters and NC+ individuals, leaving out NC- participants (i.e., those
who had remained clinically stable and had negative biomarkers), which
were entered too in the regression analyses as comparison group.

3. Results
3.1. Participants

A total of 110 individuals were recruited. Among them, 23 were
excluded due to artifacts in their MRI images (Supplementary Table 1).
The remaining 87 participants (5 SCD, 31 MCI, 6 MBI, and 45 with both
MCI and MBI) with good quality MRIs at baseline and 18-months follow-
up were included in the analyses. Visual inspection of the MRI scans
revealed no signs of vascular burden in any of the included patients.
Table 1 reports their demographic and clinical features.

3.2. Converters vs Non-Converters
Among the 87 participants, 21 were classified as Converters and 66

Table 1
Demographic, cognitive, and imaging characteristics of participants classified as
clinically converted or stable at follow-up.

All Converters Non- p-value®
participants (N=21) Converters
(N=287) (N =66)
Age 61 (56 — 65) 60 (55 - 65) 64 (61 - 65) 0.044*
Education 13(8-13) 13 (8-13) 13(8-13) 0.963
Sex (m/f) 37/50 11/10 26/40 0.294
MMSE 28 (25 - 29) 25 (23 - 26) 28 (26 - 29) <0.001*
AMMSE 0(-2-1) -5(-9.5-0) 0(-1-1) 0.001*
PBVC/y —0.35 (-1.31 —2.56 —0.08 (-0.57  0.001*
-0.31) (-3.77 - -0.41)
—-1.51)
N of participants 30 (34 %) 19 (90 %) 11 (17 %) <0.001*
exceeding the
95th
percentile®
N of participants 39 (45 %) 20 (95 %) 19 (29 %) <0.001*

exceeding the
80th
percentile®

Data are presented as median and interquartile range. Age and education are
expressed in years. AMMSE: difference between Mini-Mental State Examination
raw score at follow-up and baseline; PBVC/y: annualized percentage of brain
volume change.
*p < 0.05.
# Number and percentage of individuals above the cut-off provided from
normative data to discriminate between physiological and pathological atrophy.
b Significance of differences between Converters and Non-Converters groups.
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as Non-Converters. Comparisons on demographic, cognitive, and im-
aging characteristics are shown in Table 1. There was a significant dif-
ference in the PBVC/y between the two groups (p = 0.001, Fig. 3A), as
well as a different distribution of individuals who exceeded the 95th
percentile (p < 0.001) and 80th percentile (p < 0.001) of normative
data.

Results of binary logistic regressions are shown in Supplementary
Table 2. Changes in the cognitive performance (AMMSE) influenced the
risk of being classified as Converters, meaning that lower AMMSE was
associated to lower odds of being Converters [odds ratio (OR) = 0.58,
confidence interval (CI) = 0.43 -0.77, p < 0.001]. Exceeding normative
values on PBVC/y at both the 95th and 80th percentiles was associated
with higher odds of being Converters rather than Non-Converters (95th

A
24
0+
-2 .
2
o
>
o
o .
-4+
-6 e
-8 L
Converters Non-Converters
24
04
>
[$]
>
o
: 1
24 S
.
4
Non-Converters+ Non-Converters-
*kk
C I * = 1
21 [ l 1
| é
-2 .
>
o
>
)
o
-4+ s
-6
-8 SEEES
AD FTD DLB Non-Converters-

Fig. 3. Boxplot of patients PBVC/y divided into the three diagnostic levels. The
box represents the interquartile range (IQR), with the horizontal line indicating
the median PBVC/y. Whiskers extend to the most extreme values within 1.5
times the IQR from the lower (25th) and upper (75th) quartiles. Asterisks
highlight significant differences in PBVC/y between groups. (A) Converters vs
Non-Converters (B) Non-Converters+ vs Non-Converters- (C) Underlying dis-
ease. PBVC/y: annualized percentage of brain volume change, AD: Alzheimer’s
disease, FTD: Frontotemporal dementia, DLB: Dementia with Lewy bodies.
*p < 0.05. **p < 0.001. ***p < 0.001.
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percentile: OR = 47.5, CI = 9.64 — 233.94, p < 0.001; 80th percentile:
OR =49.47,CI =6.19 - 395.16, p < 0.001). Multivariate binary logistic
regressions confirmed these results (95th percentile: OR = 25.96, CI =
4.54 — 148.46, p < 0.001; 80th percentile: OR = 26.98, CI = 3.08 —
236.21, p = 0.003).

The binary logistic regression with PBVC/y used as continuous in-
dependent variable showed that higher PBVC/y significantly increases
the likelihood of being designed as Converters (OR = 7.79, CI = 3.01 -
20.14, p < 0.001), as also shown by the multivariate analysis including
PBVC/y, basal BV, and AMMSE (PBVC/y: OR = 6.89, CI = 2.23 - 21.31,
p = 0.001).

The other regressions were not statistically significant.

3.3. Non-converters+ vs Non-Converters-

Among the 66 Non-Converters, 8 individuals were excluded due to
the absence of a diagnostic biomarker. Among the 58 participants
remained, 15 were designed as NC+ , while 43 were classified as NC-.
Table 2 shows their characteristics. Particularly, the distribution of
participants above and below the 80th percentile cut-off was different
among groups (p = 0.030), whereas PBVC/y (p = 0.449) and the clas-
sification based on 95th percentile (p = 0.099) were not significantly
different (Fig. 3B).

Results of binary logistic regressions are shown in Supplementary
Table 3. Exceeding normative values on PBVC/y at the 80th percentile
was associated with higher odds of being classified as NC+ in both the
univariate (OR = 3.77; CI = 1.09 - 12.99, p = 0.035) and multivariate
regression analyses (OR = 3.94; OR = 1.12 - 13.84, p = 0.032).

The other regressions were not statistically significant.

3.4. Underlying diseases (AD, FTD, DLB)

Individuals who were Converters and NC+ were divided in 19 AD,
13 FTD, and 4 DLB, irrespectively of clinical phase, and compared to NC-
. Table 3 shows differences among groups in demographic/cognitive
characteristics and in PBVC/y. There was a significant difference in
PBVC/y between NC- and both AD (p = 0.001) and FTD (p < 0.001) as
well as a significant difference in PBVC/y between AD and FTD
(p = 0.033), with FTD individuals showing the greater BV change over
time (Fig. 3C).

Results of multinomial logistic regressions are shown in Supple-
mentary Table 4. Change in cognitive performance (AMMSE) was

Table 2

Demographic, cognitive, and imaging characteristics of Non-Converters partic-
ipants classified as having a neurodegenerative condition (Non-Converters+) or
not (Non-Converters-).

Non-Converters+ Non-Converters- p-

(N =15) (N =43) value
Age 63 (57 - 65) 60 (55 - 66) 0.467
Education 11 (8-13) 13(8-13) 0.954
Sex (m/f) 8/7 16/27 0.275
MMSE 28 (25 -29) 28 (26 - 29) 0.228
AMMSE 0(-1-1) 0(-1-1) 0.584
PBVC/y —0.61 (—1.04 - —0.07 (—0.47 - 0.449

0.64) 0.40)
N of participants exceeding 5 (33 %) 6 (14 %) 0.099

the 95th percentile®

N of participants exceeding 8 (53 %) 10 (23 %) 0.030%

the 80th percentile®

Data are presented as median and interquartile range. Age and education are
expressed in years. AMMSE: difference between Mini-Mental State Examination
raw score at follow-up and baseline; PBVC/y: annualized percentage of brain
volume change.
*p < 0.05.

# Number and percentage of individuals above the cut-off provided from
normative data to discriminate between physiological and pathological atrophy.
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Table 3
Demographic, cognitive, and imaging characteristics of participants classified by
underlying disease.

AD FTD DLB Non-
(N=19) (N=13) (N=4) Converters-
(N =43)
Age 63 (59 - 64 (61 -65) 64.5 (59 - 60 (55 - 66)
66) 68)
Education 13 (8-13) 10 (8-13) 12 (11 - 13 (8-13)
15)
Sex (m/f) 9/10 7/6 3/1 16/27
MMSE 25 (23 - 25(23-29) 28 (28 - 28 (26 - 29)°,°
27)° 28.5)
AMMSE 0(-3-1) —4(-9- —-0.5(-3 0(-1-1)
-1) -0.5)
PBVC/y -1.30 —2.78 —0.84 —0.07 (-0.47 —
(—2.14 - (—4.37 - (—1.40 - 0.40),°
0.20)° -1.51) -0.07)
N of participants 12 (63 %) 10 (77 %) 2 (50 %) 6 (14 %),°
exceeding the
95th percentile®
N of participants 13 (68 %) 12 (92 %) 3 (75 %) 10 (23 %)°,5,°

exceeding the
80th percentile®

Data are presented as median and interquartile range. Age and education are
expressed in years. AD: Alzheimer’s disease; FTD: Frontotemporal dementia;
DLB: Dementia with Lewy bodies; AMMSE: difference between Mini-Mental
State Examination raw score at follow-up and baseline; PBVC/y: annualized
percentage of brain volume change.

@ Number and percentage of individuals above the cut-off provided from
normative data to discriminate between physiological and pathological atrophy.

b Significant difference with DLB, p < 0.05.

¢ Significant difference with AD, p < 0.001.

4 Significant difference with FTD, p < 0.05.

¢ Significant difference with FTD, p < 0.001.

associated with higher odds of AD [relative risk ratio (RRR) = 0.76, CI
=0.60 — 0.95, p = 0.015] and FTD (RRR = 0.65, CI = 0.51 - 0.83,
p < 0.001) relative to NC- diagnosis. In relation to basal BV, we found a
significant result for FTD diagnosis (RRR = 0.99, CI = 0.99 - 0.99,
p = 0.012), but the small difference between the effect size and 1 limits
our confidence in interpreting it as a risk factor.

Exceeding normative values on PBVC/y at both the 95th and 80th
percentiles increased the odds of being classified as AD (95th percentile:
RRR =10.57; CI = 2.97 - 37.64, p < 0.001; 80th percentile: RRR = 7.15,
CI=2.16-23.70,p = 0.001) and FTD (95th percentile: RRR = 20.55, CI
= 4.35 - 97.04, p < 0.001; 80th percentile: RRR = 39.60, CI = 4.57 —
343.10, p = 0.001) compared to NC-. These results were confirmed by
the multivariate analyses (AD 95th percentile: RRR = 7.57, CI = 1.99 —
28.82, p = 0.003; AD 80th percentile: RRR = 5.27, CI = 1.48 - 18.58,
p =0.010; FTD 95th percentile: RRR = 8.96, CI = 1.59 - 50.53,
p =0.001; FTD 80th percentile: RRR = 24.08, CI = 2.46 - 235.83,
p = 0.006).

Higher PBVC/y measured as a continuous variable improved the
likelihood of being classified as AD (RRR = 2.69, CI = 1.57 - 5.60,
p=0.001) and FTD (RRR = 5.01, CI = 2.41 - 10.41, p < 0.001)
compared to NC-.

The other regressions were not statistically significant.

4. Discussion

In this study we tested the clinical utility of comparing whole BV
longitudinal changes (obtained with SIENA) with normative values in
people presenting with subjective or mild cognitive or behavioural
complaints. Specifically, we tested if the repetition of the brain MRI
might have a role in the diagnostic pathway of these individuals before
biomarkers measurement with more invasive and high-cost
investigations.

We first showed that single-subject longitudinal changes (measured
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as PBVC/y) exceeding both the more selective threshold of 95th
percentile and the larger threshold of the 80th percentile correctly
distinguished Converters and Non-Converters, accurately aligning with
clinical judgment at follow-up. This consistency with the clinical lon-
gitudinal classification supports the reliability of SIENA and its utility in
clinical settings. This finding is in line with previous research that
highlights the importance of objective BV measurement in the early
diagnosis of neurodegenerative diseases (Barnes et al., 2009; Sluimer
et al., 2008).

We then deepened into the more clinically challenging scenario of
individuals with mild symptoms who have not converted at the 18-
month follow-up. Individuals with these characteristics are frequently
seen in cognitive neurology clinics (Canevelli et al., 2016; Mitchell and
Shiri-Feshki, 2009), representing a challenge for the process of clinical
decision-making. When applying SIENA in those patients, the mea-
surement of PBVC/y as a continuous variable did not distinguish par-
ticipants with a biomarker-based suspicion of neurodegenerative disease
from those with normal biomarkers. This may be explained by the fact
that atrophy progression in the early stages of neurodegenerative dis-
eases is subtle therefore the differences with healthy participants mini-
mal (Fjell and Walhovd, 2010). However, the application of the 80th
percentile threshold from normative values proved valuable in dis-
tinguishing between individuals with and without a neurodegenerative
condition in its early stage. This means that, over 18-months, the atro-
phy progression in patients with a neurodegenerative disease but
without clinical conversion is so subtle that only the larger, less con-
servative threshold (i.e., 80th percentile) of deviation from normative
values can effectively capture it. Conversely, an atrophy rate which falls
below the 80th percentile provides sufficient confidence to avoid
second-level biomarker investigations, as the likelihood of a neurode-
generative condition is low. Individuals who have mild, early symptoms
and remain clinically stable at follow-up (i.e., who do not convert to
dementia) may benefit from repeating a brain MRI scan: the application
of SIENA normative values (i.e., 80th percentile cut-off) to these in-
dividuals may allow the identification of patients who need further
follow-up and biomarkers testing from those in whom these second-level
biomarkers may be avoided. Based on these results, we propose inte-
grating the flowchart used in the clinical work-up of individuals with
early-stage and subtle cognitive or behavioural symptoms with the
repetition of MRI (Fig. 4), as follows: when a patient presents to a
neurology clinic with cognitive or behavioural symptoms, the initial
evaluation should include a neurological examination, neuropsycho-
logical testing, and brain MRI (Fabrizi et al., 2024). If these baseline
assessments are abnormal and suggestive of a neurodegenerative dis-
ease, the patient is referred for a second-level biomarker testing, such as
amyloid-PET, lumbar puncture, or FDG-PET (Frisoni et al., 2024). On
the contrary, if the initial evaluation is not conclusive, follow-up as-
sessments should be suggested. According to our results, if there is
clinical conversion at follow-up (i.e., the symptoms have progressed to a
clearly defined dementia) the patient should be undoubtedly undergo-
ing second-level biomarker testing for biological diagnosis. If no such
clinical progression is observed, the patient should undergo another
brain MRI applying SIENA normative data. If the resulting BV change
exceeds the 80th percentile from normal values, the patient should
undergo second-level biomarkers testing. If it does not exceed the 80th
percentile, the risk of an underlying neurodegenerative disease is low,
therefore second-level investigations may be avoided. This approach
could provide a structured, stepwise method for the early identification
of high-risk patients while minimizing invasive and high-cost proced-
ures in low-risk individuals.

Finally, we also looked at the diagnostic classification into specific
neurodegenerative dementing diseases. In line with previous literature
(Barnes et al., 2009; Marino et al., 2019; Sluimer et al., 2008), we found
a higher PBVC/y for FTD (median PBVC/y = -2.78) compared to AD
(median PBVC/y = -1.30) patients. This highlights the potential role of
SIENA in differential diagnosis in clinical practice. In fact, it is not
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Subject presenting to a
Cognitive Neurology Clinic

Baseline assessments:
Neurological exam
Neuropsychological evaluation
Brain MRI scan

Strongly suggestive of a NDG
dementia?

Second level diagnostic assessment
(e.g., amyloid-PET, lumbar puncture,
FDG-PET)

18-months follow-up:
Neurological exam
Neuropsychological evaluation

Clinical conversion to a NDG
dementia?

lno

Second level diagnostic assessment
(e.g., amyloid-PET, lumbar puncture,
FDG-PET)

Repeated brain MRI

PBVCly exceeding 80" percentile
of NV?

Second level diagnostic assessment
(e.g., amyloid-PET, lumbar puncture,
FDG-PET)

Clinical follow-up
Low probability of a NDG condition

Fig. 4. Proposed flowchart for clinical work-up of stable individuals with early-stage and mild cognitive or behavioural symptoms. In the assessment of participants
with stable cognitive or behavioural symptoms, we suggest repeating brain MRI in patients with very early stages of cognitive/behavioural complaints if they
remained clinically stable at 18-months follow-up. Patients with PBVC/y exceeding the 80th percentile of SIENA normative values are recommended for further
assessment, on the contrary further biomarkers may be avoided. NDG: neurodegenerative, NV: normal values.

uncommon in everyday practice to encounter patients with a cognitive
and behavioural profile suggesting either a prodromal phase of FTD or
the behavioural variant of AD. We could speculate that the application
of SIENA to the MRIs of these patients might help in the diagnosis to-
wards one form or the other, thereby directing the choice of the most
appropriate diagnostic test (i.e., the search for AD biomarkers or the
execution of an FDG-PET scan). This is particularly useful in the context
of FTD, which still lacks specific blood or CSF diagnostic biomarkers
(Benussi et al., 2021).

Our study presents some limitations. Firstly, the relatively small
sample size. In particular, both the number of NC+ and DLB cases re-
stricts the generalizability of conclusions drawn for these groups. Sec-
ondly, these results should be confirmed across varying lengths of
follow-up as our study only focused on an 18-month follow-up.
Finally, our sample consisted exclusively of Caucasian participants;
therefore, our findings will need to be confirmed in other populations.
Regarding limitations of the SIENA procedure, it does not allow for
tissue-specific analysis and therefore cannot distinguish between grey
and white matter atrophy, limiting pathophysiological specificity.
Moreover, the method is subject to measurement noise and short-term
physiological fluctuations, especially over shorter follow-up intervals,
which reduces the precision of percentile-based thresholds. Some
strengths of the study can be highlighted. Our cohort is well-
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characterized, with comprehensive clinical assessments and multiple
biomarker data available. This reduces the possibility of misdiagnosis,
which can be common particularly for dementia forms that lack specific
biomarkers, ensuring the robustness of the findings. We focused on brain
MRI scan, which is non-invasive, relatively inexpensive, and diffusely
available, thus our results present a large applicability in clinical prac-
tice. Moreover, the cohort of Battaglini et al. (Battaglini et al., 2019) had
some advantages compared to others which have been used to estimate
cut-off of normative PBVC/y on healthy participants (Opfer et al., 2018;
Takao et al., 2012): they collected T1 images acquired with different
magnetic field strength and vendor (i.e., 1.5 and 3 tesla GE, Siemens,
and Philips machine), different slice thickness, sequence type, and
acquisition plane (i.e., 0.8, 1, 1.2, 1.3, and 1.6 mm slice thickness,
axial/coronal/sagittal acquisition plane), and different head coil chan-
nels (i.e., 4, 6, 8, 12, 20, and 32 channels). Taking all these parameters
and scanner characteristics into account makes it possible to compare
different MRI images acquired in different centres, using different pro-
tocols, and on different MRI machines, thus making the method and the
comparison with normative data largely accessible. Finally, the major
strength of this work is that SIENA resulted extremely sensitive also in
case of minimal changes of BV loss, such as those of early-stage in-
dividuals. Future research should focus on baseline MRI to investigate
whether the comparison with normative data at a single timepoint can
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predict the likelihood of clinical conversion to neurodegenerative de-
mentia. This approach could provide valuable insights into the prog-
nostic utility of baseline imaging, potentially simplifying diagnostic
pathways and facilitating earlier intervention. In addition, future studies
on larger cohorts should explore the potential of SIENA normative
values to distinguish between specific diagnostic categories, such as AD
and FTD, in comparison to more commonly used approaches like visual
MRI inspection or neuropsychological assessment. This may support
diagnostic decision-making and guide the choice of further
investigations.

5. Conclusion

In conclusion, this study showed the applicability of SIENA norma-
tive values to the specific clinical context of early detection of neuro-
degenerative dementing diseases. We propose a clinical flowchart which
includes the measurement of longitudinal brain MRI changes with
SIENA and reference to normative data that, we think, may be useful in
everyday clinical practice. Specifically, SIENA can aid in distinguishing
patients with subtle cognitive complaints who require further biomarker
investigations from those in whom such tests may be avoided. We hope
it could aid clinicians in making more informed decisions on the diag-
nostic and management pathway of patients with mild and early-stage
cognitive complaints.
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