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A B S T R A C T

Background: Vascular mild cognitive impairment (VMCI) is a transitional condition that may evolve into Vascular
Dementia(VaD). Hippocampal volume (HV) is suggested as an early marker for VaD, the role of white matter
lesions (WMLs) in neurodegeneration remains debated.
Objectives: Evaluate HV and WMLs as predictive markers of VaD in VMCI patients by assessing: (i)baseline dif-
ferences in HV and WMLs between converters to VaD and non-converters, (ii) predictive power of HV and WMLs
for VaD, (iii) associations between HV, WMLs, and cognitive decline, (iv)the role of WMLs on HV.
Methods: This longitudinal multicenter study included 110 VMCI subjects (mean age:74.33 ± 6.63 years,
60males/50females) from the VMCI-Tuscany Study database. Subjects underwent brain MRI and cognitive
testing, with 2-year follow-up data on VaD progression. HV and WMLs were semi-automatically segmented and
measured. ANCOVA assessed group differences, while linear and logistic regression models evaluated predictive
power.
Results: After 2 years, 32/110 VMCI patients progressed to VaD. Converting patients had lower HV(p = 0.015)
and higher lesion volumes in the posterior thalamic radiation (p = 0.046), splenium of the corpus callosum (p =
0.016), cingulate gyrus (p = 0.041), and cingulum hippocampus(p = 0.038). HV alone did not fully explain
progression (p = 0.059), but combined with WMLs volume, the model was significant (p = 0.035). The best
prediction model (p = 0.001) included total HV (p = 0.004) and total WMLs volume of the posterior thalamic
radiation (p = 0.005) and cingulate gyrus (p = 0.005), achieving 80% precision, 81% specificity, and 74%
sensitivity. Lower HV were linked to poorer performance on the Rey Auditory-Verbal Learning Test delayed
recall (RAVLT) and Mini Mental State Examination (MMSE).
Conclusions: HV and WMLs are significant predictors of progression from VMCI to VaD. Lower HV correlate with
worse cognitive performance on RAVLT and MMSE tests.

1. Introduction

Vascular Mild Cognitive Impairment (VMCI) represents a critical

stage within the spectrum of Vascular Cognitive Impairment (VCI),
characterized by a gradual decline in cognitive abilities attributed to
various vascular factors such as ischemia, hemorrhage, or
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neurodegeneration [1,2]. Individuals experiencing VMCI typically
exhibit mild impairments in activities of daily living (ADLs), signaling
the initial stages of cognitive decline that could potentially progress to
Vascular Dementia (VaD), or as replaced by DSM-V into major neuro-
cognitive disorder (major-NCD), a more severe form of cognitive
impairment. Notably, the risk factors associated with VMCI and subse-
quent major-NCD include arterial hypertension, high cholesterol, dia-
betes, and smoking, collectively elevating the risk of dementia by
20–40% in general population [3,4].

Cerebral small vessel disease (CSVD) is a significant contributor to
the development of VCI and age-related functional decline. This condi-
tion entails the chronic and progressive deterioration of the small blood
vessels within the brain, comprising small arteries, arterioles, capil-
laries, and small veins [5,6]. The relentless damage inflicted by CSVD
disrupts the intricate network of cerebral vasculature, leading to
compromised blood flow and subsequent cognitive impairments
commonly observed in individuals with VMCI.

Within the VCI spectrum, VaD represents the most severe manifes-
tation, involving the most profound cognitive deficits and functional
impairments. Serving as an overarching term for the most severe sub-
types of VCI, VaD delineates the advanced stages of vascular-related
cognitive decline, as outlined in the latest Vascular Impairment of
Cognition Classification Consensus Study (VICCCS) [7]. This hierarchi-
cal classification underscores the progressive nature of vascular-related
cognitive disorders, with VMCI serving as a crucial precursor to the
debilitating effects of VaD. There is an urgent need for biomarkers to
predict disease onset and track its progression, as the management of
risk factors can prevent the development of dementia [6]. Magnetic
resonance imaging (MRI) markers are crucial in assessing and diag-
nosing VaD, revealing structural and vascular changes in the brain. For
example, in patients with VCI, MRI allows the estimation of total cere-
bral and medial temporal lobe atrophy, ventricular size, and the degree
of white matter lesions (WMLs) by using appropriate assessment scales,
such as the Cardiovascular Health Study scale (CHS Scale), medial
temporal atrophy score (Schelten’s Scale), and age-related white matter
changes scale (ARWMC scale) [8–10]. The hippocampus, a significantly
affected region in patients with VCI, undergoes detectable structural
alterations observable through MRI, with volumetric evaluation now
recommended in recent consensus study [7,11] However, the precise
diagnostic and prognostic implications of the hippocampal alterations
remain incompletely defined. In our previous work using the VMCI
Tuscany cohort, we observed a correlation between increased frequency
of white matter lesions (WMLs) along association tracts and deficits in
psychomotor speed and constructional praxis. Additionally, we noted a
prevalence of lesions in the frontal white matter, particularly among
VMCI patients exhibiting involvement in non-amnestic domains [12].
To date, only few studies have investigated the role of hippocampal
volume in VMCI, using automatic segmentation methods and analyzing
cognitive outcomes, and their relationship with the degree of severity of
WMLs [13–16]. These works demonstrated that low hippocampal vol-
ume influences the extent of future cognitive decline, whereas the
impact of WMLs on the severity of hippocampal atrophy is still a subject
of debate, requiring further investigation [17–21].

Against this background, the main objective of this study was to
examine the relevance of hippocampal atrophy and WMLs characteris-
tics as a predictive marker of progression to dementia in patients with
VMCI associated with CSVD, through the assessment of: i) differences in
hippocampal volume and WMLs characteristics at baseline between
patients who converted to major-NCD and those who did not; ii) pre-
dictive power of hippocampal atrophy and WMLs characteristics on
major-NCD progression, iii) associations between total hippocampal
volume/WMLs characteristics and cognitive decline; iii) the potential
role of WMLs burden in hippocampal atrophy.

2. Materials and methods

2.1. Study subjects

In this multicenter, retrospective, longitudinal study, we assessed
patients with VMCI due to CSVD who were enrolled at the University
Hospitals of Florence, Pisa and Siena in the context of the VMCI-Tuscany
study. The study’s methodology and the timeframe for enrolling patients
are detailed elsewhere [22]. From the original cohort, we selected pa-
tients with the following inclusion criteria: i) diagnosis of MCI according
to the Winblad criteria [23] operationalized by Salvadori et al. 2016
[24], ii) MRI evidence on FLAIR/T2-weighted images of moderate or
severe degree of white matter lesions (WMLs), iii) having CSVD.
Exclusion criteria were: i) the presence of WMLs from other neurological
conditions, ii) the inability to provide informed consent, iii) the presence
of non-lacunar infarcts in the gray matter (GM) or hemorrhagic lesions,
whose tissue damage may be a confounder in the interpretation of
ischemic WMLs mapping.

At enrollment, each patient performed a complete neuropsycholog-
ical [25] and an MRI examination. A clinical longitudinal assessment
was performed after 24 months and the information on the evolution in
major-NCD was recorded.

2.2. Standard protocol approvals, registrations, and patient consent

The study was performed in accordance with the Helsinki Declara-
tion and approved by local ethics boards. A written informed consent
was obtained from all study participants.

2.3. MRI data acquisition and analysis

MRI data were acquired using 1.5 T scanners and Philips machine for
subjects related to the centers of Siena and Florence (n = 91), 3 T
scanner and GE machine for the subject’s afferent to the center of Pisa (n
= 19). For the purposes of this study, we assessed high-resolution 3D T1-
weighted (T1-W) images and FLAIR images.

The image analysis involved the following steps (Fig. 1):

• First, WMLs were semi-automatically outlined on FLAIR images
using a segmentation technique based on user-supervised local
thresholding (Jim; www.xinapse.com/Manual/). Total lesion vol-
ume was computed by multiplying lesion area by slice thickness.
Hippocampi were semi-automatically segmented; for each subject, a
first hippocampi mask was obtained using FIRST (https://fsl.fmrib.
ox.ac.uk/fsl/fslwiki). Then, the mask was visually checked and
manually refined where needed according to the EADC-ADNI pro-
tocol [26] by two raters (C.M. e M.L.) by consensus.

• Second, WMLs on the 3D T1-W images were refilled using FSL and all
the hippocampal volumes obtained were subsequently normalized
for the size of the head of each subject through the Vscaling (Volu-
metric Scaling Factor) of the SIENAX2 software [27] and before
perform the analysis, a template was obtained registering all the 3D
T1-W images to the MNI152 atlas using a nonlinear registration.
Then, the registered images were merged to create a template. The
JHU-ICBM-labels 1 mm atlas, a white matter bundles atlas from the
FSL dataset atlases (Supplementary Table 1), was registered to the
template using a combination of linear and nonlinear registration.
Then, we registered each 3D T1-W image to the template using again
a combination of linear and nonlinear registration; the translation
matrix obtained was then inverted in order to move back the JHU-
ICBM-labels 1 mm atlas to the corresponding T1.

• Third, for each substructure and bundle included in the atlas, a mask
representative of the intersection cluster between the structure itself
and the lesion mask was obtained, and the volume was calculated.
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2.3.1. Neuropsychological assessment
The VMCI-Tuscany Neuropsychological Battery [25] is based on 14

tests, with corresponding age- and education-adjusted scores. In detail,
it includes two tests of global mental functioning as Mini Mental State
Examination (MMSE) and the Montreal Cognitive Assessment Battery
(MoCA). The battery also includes 12 domain-specific or second-level
tests, targeting a wide range of cognitive abilities: four tests for mem-
ory (Rey Auditory-Verbal Learning Test [RAVLT] immediate and
delayed recall and Short Story for verbal memory; Rey–Osterrieth
Complex Figure [ROCF] recall for visuospatial memory), five tests for
attention and executive functions (Trail Making Test [TMT] Part A for
psychomotor speed; Visual Search [number of matrices] for focused
attention; Symbol Digit Modalities Test [SDMT] for sustained attention;
Color Word Stroop Test for selective attention; TMT Part B for divided
at- tention), two tests for language (Phonemic and Semantic Verbal
Fluency) and one test for constructional praxis (ROCF copy).

Cognitive scores were available for all patients in all tests except 47
patients for TMT Part A and B, due to the time limit of their adminis-
tration procedure, so that if a patient does not complete the task within
5 min, the examiner stops the test administration, and scores are not
obtained. The full list of cognitive tests performed was previously
described [25].

The diagnosis of mild cognitive impairment required at least one
borderline score (an adjusted score between the outer and inner 95%
confidence limits for the 5th percentile of the normal population ac-
cording to Italian normative data) among the 12 scores from second-
level test, while diagnosis of major-NCD was assigned in according
with operationalized DSM-5 criteria for major neurocognitive disorders
(NCD) [24,28], in this way, were selected cases with a worsened func-
tional and cognitive outcome or cases with stable cognitive and wors-
ened functional outcome but not consequent to other disease or physical
limitations.

2.4. Statistical analysis

First, we analyzed the descriptive characteristics of whole our pop-
ulation, consisting of 110 subjects, reporting the mean/median 25◦ and
75◦ percentile, standard deviation, and the normal distribution of our
data by the Shapiro-Wilk test considered significant if p < 0.05 and the
same characteristics in the converting and non-converting groups
(Table 1). An ANCOVA analysis was used to compare total hippocampal
volume and WMLs characteristics of between converting and non-
converting groups. Multiple comparisons corrections were applied in
both cases. The covariates included in the analysis were age, education,
MRI source, and Vscaling with the addiction of gender and total WMLs
volume for comparison of total hippocampal volume between convert-
ing and non-converting groups (Table 1).

Models of binomial logistic regression tested for the predictors: age,
gender, MRI source, education, and Vscaling, with and without total
WMLs volume was used to evaluate the total hippocampal volume’s
ability to predict the progression to major-NCD and the influence of the
total WMLs volume on the model, the goodness of the model has been
evaluated considering the Pseudo-R2 of Cox and Snell and of Nagelkerke.

The same analysis with exclusion of the total WMLs volume variable
was used to evaluate the predictive role of the volume of the WMLs in
selected white matter bundles on the progression to major-NCD. Finally,
models of binomial logistic regression were compared, the first formed
by the predictors age, gender, MRI source, education, Vscaling and total
hippocampal volume, the subsequent ones with progressive addition of
the variables found significant to the previous analyses in order to
determine the model with the best predictive measures and significant
variables; the accuracy, sensitivity and specificity of the best model has
been measured.

Models of linear regression analysis tested for the covariates: age,
gender, MRI source, education, total WML volume, Vscaling, was used to
assess: i) the correlation between total hippocampal volume and

Fig. 1. Representation of the image analysis pipeline.
1) The masks of the hippocampus and the WMLs were initially acquired using semi-automatic methods, and afterwards revised by two raters.; 2) All T1-W 3D images
were non-linearly registered to the MNI152 and a standard template was created, followed by the addition of the tractographic atlas.; 3) Finally, after a backward
recording of the tractographic atlas on the T1W 3D images and the intersection with the WMLs masks, the lesional volume for each bundle was obtained.
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neuropsychological test scores, the same analysis with exclusion of the
total WMLs volume variable was used to test the relation between ii)
total hippocampal volume and WMLs characteristics (i.e., total lesion
number and volume, lesion volume in selected white matter bundles),
the adaptation of the models was evaluated by R2.

Significance was set at p < 0.05 and Jamovi (https://www.jamovi.
org/) were used to perform the analyses.

3. Results

3.1. Descriptive analysis

A total of 110 VMCI were identified with mean age [±SD]: 74.33 [±
6.63] years, 60 males/50 females, mean education [±SD]: 8.28 [±4.24].
A normal distribution was respected for the total hippocampal volume
and corrected scores of some neuropsychological tests (RAVLT imme-
diate recall, TMT–B, Short story, visual search test, phonemic verbal
fluency test), whereas the total volume of lesions, the number and

volume of lesions in the white matter bundles did not show a normal
distribution (Table 1). At 24 months follow-up, 32/110 (29%) of VMCI
converted to major-NCD.

3.2. Differences in imaging measures between converting and non-
converting patients

At baseline, the total hippocampal volume of converting patients was
lower that of non-converting patients (p = 0.015, F = 6.011, η2p =

0.056) (Fig. 2).
There were no differences between the two groups in total WMLs

number and volume (Table 1). In all cases, the correction for multiple
comparisons did not alter the statistical significance. Lesions had a
different distribution between the bundles of the white matter con-
verting patients had a significantly higher lesion volume on the
following bundles: posterior thalamic radiation (p= 0.046), splenium of
corpus callosum (p = 0.016), cingulate gyrus (p = 0.041) and cingulum
hippocampus (p = 0.038); the bundles mainly involved are reported in

Table 1
Clinical and imaging characteristics of the cohort.

Whole cohort
(n. 110)

Converting patients
(n. 32)

Non-converting
(n. 78)

Shapiro-Wilk test in Whole group
(n. 110), p value

Age, mean (SD), years 74.33 (6.63) 75.25 (6.58) 74 (6.66) 0.984
Sex (F/M) 49 females /61

males
12/20 38/40

Education, median
(25thpercentile-75thpercentile)

8 (5–11.75) 6 (5–11.2) 8 (5–11.7) < 0.0001

Score at MOCA, median
(25thpercentile-75thpercentile)

21.7 (18.1–24.9) 19.1 (16.1–22.1) 22.3 (19.5–25.3) 0.017

Score MMSE, median
(25thpercentile-75thpercentile)

27.9 (25.9–30) 26.2 (23.6–28.3) 28.5 (26.8–30) < 0.001

Score RAVLT immediate, median
(25thpercentile-75thpercentile)

33.1 (27.1–37.8) 28.3 (24.9–33) 34.6 (28–40) 0.080

Score RAVLT delayed recall, median
(25thpercentile-75thpercentile)

5.8 (3.9–7.8) 4.1 (3.1–5.8) 6.2 (4.8–8.4) < 0.001

Score TMT part A, median
(25thpercentile-75thpercentile)

49.5 (34.1–86.6) 69 (49.6–93.6) 44.7 (32.5–78.8) < 0.001

Score TMT part B, median
(25thpercentile-75thpercentile)

96.7 (58.9–150) 158 (91.7–194.8) 94 (55.3–130.6) 0.130

Score Short Story, median
(25thpercentile-75thpercentile)

11.8 (8.7–14.1) 10.7 (6.8–13.2) 12 (9.4–14.7) 0.776

Score ROCF immediate, median
(25thpercentile-75thpercentile)

26.6 (18.1–30.8) 22.8 (11.8–31) 27 (19.7–30.6) < 0.001

Score ROCF recall, median
(25thpercentile-75thpercentile)

11.3 (8.04–14.7) 8.04 (6.6–11.4) 11.9 (9.8–16.4) < 0.001

Score SDMT, median
(25thpercentile-75thpercentile)

33.4 (26–39.9) 30.2 (25.3–34.5) 35.3 (28.3–43) 0.035

Score Color Word Stroop Test,
median
(25thpercentile-75thpercentile)

26.3 (18.8–45.8) 32 (22–59.7) 24.7 (17.89–38.2) < 0.001

Score Visual Search [number of
matrices], median
(25thpercentile-75thpercentile)

32.6 (26–38.4) 29.1 (23.5–33.3) 33.7 (27.7–40.2) 0.028

Score Phonemic Verbal fluency,
median
(25thpercentile-75thpercentile)

27.2 (21.5–34.4) 22.7 (20.2–31.3) 27.5 (23.5–35.6) 0.751

Score Semantic Verbal Fluency,
median
(25thpercentile-75thpercentile)

34.5 (29.4–38.5) 30.2 (25.6–35.7) 35.5 (31.4–39.6) < 0.001

Whole cohort
(n. 110)

Converting patients
(n. 32)

Non-converting
(n. 78)

Shapiro-Wilk test inWhole group
(n. 110), p value

Comparison
Converting -Non
converting
(ANCOVA Analysis)

Total hippocampal volume mm3,
median
(25thpercentile-75thpercentile)

5091 (4457–5601) 4763 (4222.2–5294) 5269 (4575–5682) 0.604 0.015

Total lesion number mm3, median
(25thpercentile-75thpercentile)

54.4 (40–78) 44.5 (33–75.2) 58 (41.5–78) < 0.001 0.917

Total lesion volume mm3, median
(25thpercentile-75thpercentile)

25,350 (15,876
-(38995)

32,666
(16,716.5–48,748)

23,235
(15846–38,164.2)

< 0.001 0.119

*Refers to differences between converting and non-converting, and the normal data distribution. ANCOVA analysis with age, education, hippo_vol.*vscaling (total
WMLs volume and gender for total hippocampal volume evaluation) as covariate.
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the Supplementary Table 1.

3.3. Correlations at baseline between imaging and clinical measures

The binomial logistic regression model was used to explore the
predictive role of hippocampal atrophy. The model was found to be not
significant (X2(7) = 13.612, p = 0.059) without considering the total
volume of WMLs (although hippocampal atrophy was a significant
predictor: β = − 0.0007; SE = 0.0003, p = 0.030), with a percentage of
explained variance of 11%–16% in terms of probability of conversion
probability in major-NCD. On the contrary, it was statistically significant
(X2(8) = 16.555, p = 0.035) when the total volume of WMLs was
considered, with a percentual between 13%–20% the variance explained
in terms of evolution in major-NCD, in this latter case hippocampal at-
rophy significantly predicted the conversion in major-NCD (β = −

0.0008; SE = 0.0003, p = 0.016), albeit the total volume of WMLs was
not a significant predictor (β = 0.0000; SE = 0.0000, p = 0.090).

For each selected white matter bundle, a linear regression model was
created to investigate the predictive role of the volume of WMLs of the
bundle itself; among these models, only four were significant: Posterior
thalamic radiation model X2(8) = 19.356, p = 0.013; cingulate gyrus
model X2(8) = 18.9623, p = 0.015; Splenium of corpus callosum model
X2(8) = 18.686, p = 0.017; Sagittal stratum model X2(8) = 19.208, p =
0.014. In each model the volume of WMLs in posterior thalamic radia-
tion (β = 0.0004; SE = 0.0002, p = 0.020), Splenium of corpus callosum
(β = 0.0008; SE= 0.0003, p= 0.028); Cingulate gyrus (β = 0.0561; SE=

0.0243, p = 0.021), Sagittal stratum (β = 0.0021; SE = 0.0009, p =

0.028) significantly predicted the evolution in major-NCD.
Finally, we compared four binomial logistic regression models

created with the predictors already mentioned in paragraph 2.4, more
the progressive addition of the WMLs volume of the bundles of the
previous analysis (model 1 with WMLs volume of posterior thalamic
radiation, model 2 like model 1 plus WMLs volume of cingulate gyrus,
model 3 like model 2 plus WMLs volume of Splenium of corpus cal-
losum, model 4 like model 3 plus WMLs volume of Sagittal stratum), all
four models were statistically significant to predict the conversion to
major-NCD (all p < 0.01). When all predictors were considered: the
model 4 (X2(11) = 29.04, p = 0.002) explained an percent between 23
and 33% of variance in terms of probability of conversion in major-NCD;
although from the model comparison analysis, there was no better sta-
tistically significant predictive capability of model 3 (X2(1) = 1.02, p =
0.313) and model 4 (X2(1) = 0.43, p = 0.513) than model 1–2 (X2(1) =
8.24, p = 0.004). In the model 2 (X2(9) = 27.597, p = 0.001) total

hippocampal volume (β = − 0.0010; SE = 0.0004, p = 0.004), posterior
thalamic radiation (β = 0.0005; SE = 0.0002, p = 0.005) and cingulate
gyrus (β = 0.0753 SE = 0.0269, p = 0.005) were good predictors of
evolution in major-NCD with a variance explained of 22–31% (Fig. 3).
The model 2 showed a precision of 80%, specificity and sensitivity
respectively of 81% and 74%, with an AUC (area under curve) of the
ROC curve of 80% (Fig. 3).

From the analysis of association between total hippocampal volume
and neuropsychological tests, a lower hippocampal volume was asso-
ciated to worse performance in the RAVLT delayed recall (β = 77.107, t
= 2.943, p = 0,004, R2 = 0.287) and MMSE (β = 74.698, t = 2.770, p =
0.007, R2 = 0.281) after adjusting for age, gender, MRI source, educa-
tion, Vscaling and total WMLs volume (Fig. 4). Notably, there were no
statistically significant correlations observed between: i) the total vol-
ume of WMLs and the total volume of the hippocampus (β = 0.004, t =
1.301, p = 0.196, R2 = 0.266), or between the number of WMLs and the
total volume of the hippocampus (β = 3.627, t – 1.319, p = 0.190, R2

0.227). Similarly, no significant associations were found between the
volume of lesions in any white matter bundle and the total volume of the
hippocampus (all p> 0.05), except for the volume of WMLs in the fornix
(β = 19.461, t= 1.987, p= 0.050, R2 0.243). Additionally, there were no
significant associations between the total lesion volume in any white
matter bundle and neuropsychological test scores (all p > 0.05).

4. Discussion

In this work, we evaluated the role of hippocampal volume at
baseline in patients converting to major-NCD versus those non-
converting after 24 months, using an accurate hippocampal segmenta-
tion method and found that this can be related to cognitive impairment.
The key findings are as follows: (i) VMCI patients with lower hippo-
campal volume at baseline and with higher lesion load on crucial bun-
dles had a higher risk of progression to major-NCD over 24 months; (iii)
at baseline, lower hippocampal volumes were linked to poorer perfor-
mance on the RAVLT delayed recall and MMSE,(iv) hippocampal atro-
phy seems to be partially independent of WMLs characteristics and (v)
the lesion volume of theWMLs in selected white matter bundles does not
significantly affect the neuropsychological test scores.

These findings suggest that patients with VMCI who have smaller
hippocampal volumes are at a heightened risk of developing major-NCD
within a relatively short timeframe; and this risk seems in part signifi-
cantly explained by a higher lesional load on crucial white matter
connection bundles. This is in line with previous works showing that in
non-demented participants hippocampal atrophy had a cumulative ef-
fect on the future level of cognitive decline [13,14] and that, in patient
with VMCI, it is an MRI feature with good predictive value of transition
into dementia [16]. One possible explanation for this association may
arise from the vulnerability of the hippocampus, due to the specific gene
and protein expression [29], to various stimuli (such as hypoxia and
hypoperfusion) and risk factors (such as dyslipidemia, diabetes, meta-
bolic syndrome, and hypertension) that may contribute to the devel-
opment of hippocampal atrophy. This association is shared with AD
[30,31], as well as secondary degeneration or subclinical ischemia [15].
In addition, the hippocampal vulnerability in our case, is supported by
the association between a higher lesional load in the fornix and hippo-
campal atrophy, a hippocampal disconnection could mediate the
symptomatology and facilitate neuronal loss [32,33].

Our predictive model became significantly predictive when in
addition to hippocampal atrophy was also considered injury loads were
placed on certain bundles. The destruction and dysfunction of some
neuronal fibers of connection seem to have a particular role in clinical
deterioration, and among them are the posterior thalamic radiation,
cigulate gyrus, splenium of corpus callosum and the sagittal stratum.
Destruction of thalamic connectivity has also been demonstrated in
Alzheimer’s disease [34] and has also been associated with cognitive
vascular deterioration from atherosclerotic cerebrovascular disease and

Fig. 2. The boxplots shows lower total hippocampal volume in the converting
patient group compared to the non-covering patient group.
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Moya Moya syndrome [35]. Other studies have shown that in vascular
dementia the sites most frequently affected by lesions correspond to
those found from our analyses and that make our model significantly
predictive of conversion [36,37].We can therefore say that the

hippocampal atrophy largely explains the conversion to a major-NCD,
however the etiopathological mechanisms that underlie are complex
and can be explained significantly, although not completely, also
considered the role of white matter lesions.

Fig. 3. Graphs of marginal averages and ROC curve showing: A) the relationship between the mean values of total hippocampal volume (mm3) and the probability of
progress in VaD/major-NCD, B) the relationship between the mean values of volume of WMLs on the posterior thalamic radiation and probability of progression in
VaD/ major-NCD, C) the relationship between the average values of volume of WMLs on cingulate gyrus and probability of progression in VaD/ major-NCD, D) ROC
curve with an AUC of 0.80 for Model 2, a binomial logistic regression model that considers total hippocampal volume (mm3) along with total WML volume on the
posterior thalamic radiation and the cingulate gyrus.

Fig. 4. Scatter plots showing significant association between neuropsychological test scores (RAVLT delayed recall, MMSE) and total hippocampal volume values in
the whole group (A, B).
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The association between lower hippocampal volumes and poorer
performance on the RAVLT delayed recall and MMSE found in our work
is a critical observation. The RAVLT is one of the most used neuropsy-
chological tests in clinical protocols for evaluating functions such as
attention, short and long-term memory and learning ability in the
auditory-verbal domain [38]. In a recent study on patients with
subcortical ischemic vascular disease, subiculum and CA1 volumes were
positively correlated with immediate memory and delayed memory
scores on the RAVLT [19]. MMSE is a generic cognitive function
assessment test, including the evaluation of spatial, temporal orienta-
tion, and memory in which the hippocampal plays a crucial role. The
MMSE test has a specificity of 94% for converting MCI to dementia in
general, and up to 80% for VaD [39]. This test is widely used to
recognize cognitive impairment, enabling follow-up and predicting the
progression of dementia [39]. Consistent with previous findings, our
results align with the established connection between poorer perfor-
mance on the MMSE and reduced hippocampal volumes observed in
MCI, AD and subcortical ischemic vascular disease [15,40–42]. Impor-
tantly, the independence of hippocampal atrophy from total WMLs
volume is an intriguing result. The significance of the volume and
number of WMLs for the development of atrophy is still debated, con-
cerning their impact on hippocampal atrophy [17,18,20,21,43–45]. It
has been hypothesized that the amount of WMLs could be more relevant
for the development of cortical gray matter atrophy instead, [15] since
hippocampal atrophy is more likely driven by a distinct pathogenetic
process, although in our case, there seems to be an association with the
volume of WMLs on a certain bundle, specifically the fornix. In fact, it is
known that stroke has an impact on the hippocampal volume homo-
laterally [46] and that some bundles would seem more important for
hippocampal trophy (such as those in the cingulum bundle, the cingu-
late gyrus, uncinate fasciculus and the fornix) [47,48].

The results of our study can guide further research and may have
useful implications for clinical practice. The use of hippocampal atrophy
and the assessment of injuries on crucial bundles can serve as a valuable
tool for identifying individuals with VMCI who are at a higher risk of
progressing to VCI and early identification may enable healthcare pro-
fessionals to offer appropriate and supportive interventions, such as
proper management of risk factors, hence lifestyle change [49] and
promote an appropriate follow-up.

However, this study is not without limitations. Firstly, it is important
to note that, during patient recruitment, CSF biomarkers and amyloid
PET scans were not routinely obtained as part of the diagnostic pathway,
therefore, there was a risk of enrolling some patients with non-vascular
neurodegenerative diseases. However, a high level of diagnostic accu-
racy was maintained by selecting patients from specialized centers with
expertise in evaluating VCI. Secondly, the neuropsychological evalua-
tion was incomplete for TMT part A and B tests for 47 patients, pre-
venting exploration of their relationship with hippocampal
involvement. While current data suggest an influence of WMLs on the
scores of these tests, conducting targeted assessments with TMT in VCI
patients could be beneficial for examining their predictive capability in
the degenerative processes of the hippocampus [50]. Thirdly, the use of
data collected in an already completed study has prevented the possi-
bility of extending the clinical control time beyond two years.

In conclusion, our study provides new insights into the understand-
ing of the relationship existing between hippocampal volume, WMLs
characteristics and cognitive impairment in patients with VMCI. Further
studies are warranted to better define the clinical and prognostic utility
of hippocampal volume andWMLs assessment in the diagnostic phase of
vascular cognitive disorders.
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