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Abstract: Inferior frontal sulcal hyperintensities (IFSHs) on fluid-attenuated inversion recovery

(FLAIR) sequences have been proposed to be indicative of glymphatic dysfunction. Replication stud-

ies in large and diverse samples are nonetheless needed to confirm them as an imaging biomarker.

We investigated whether IFSHs were tied to Alzheimer’s disease (AD) pathology and cognitive

performance. We used data from 361 participants along the AD continuum, who were enrolled
in the multicentre DELCODE study. The IFSHs were rated visually based on FLAIR magnetic
resonance imaging. We performed ordinal regression to examine the relationship between the IF-

SHs and cerebrospinal fluid-derived amyloid positivity and tau positivity (AB42/40 ratio < 0.08;
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pTaul8l > 73.65 pg/mL) and linear regression to examine the relationship between cognitive perfor-
mance (i.e., Mini-Mental State Examination and global cognitive and domain-specific performance)
and the IFSHs. We controlled the models for age, sex, years of education, and history of hypertension.
The IFSH scores were higher in those participants with amyloid positivity (OR: 1.95, 95% CI: 1.05-3.59)
but not tau positivity (OR: 1.12, 95% CI: 0.57-2.18). The IFSH scores were higher in older participants
(OR: 1.05, 95% CI: 1.00-1.10) and lower in males compared to females (OR: 0.44, 95% CI: 0.26-0.76). We
did not find sufficient evidence linking the IFSH scores with cognitive performance after correcting
for demographics and AD biomarker positivity. IFSHs may reflect the aberrant accumulation of
amyloid 3 beyond age.

Keywords: Alzheimer’s disease; inferior frontal sulcal hyperintensity; glymphatic system; magnetic
resonance imaging; fluid-attenuated inversion recovery; amyloid positivity

1. Introduction

The cerebrospinal fluid (CSF) in the regions immediately superior to the cribriform
plate, particularly those corresponding to the inferior frontal sulci, may display elevated
signal intensities in T2-weighted fluid-attenuated inversion recovery (FLAIR) imaging [1].
The occurrence and extent of these hyperintensities, referred to as inferior frontal sulcal
hyperintensities (IFSHs), have been proposed to be indicative of impaired CSF clearance
and glymphatic dysfunction [2]. This is because CSF is presumed to enter the meningeal
lymphatics in close proximity to the cribriform plate. The stagnation of proteins, blood,
and cell debris in this region could lead to such hyperintensities [1].

To date, two studies have investigated IFSHs in humans. Zhang et al. [2] proposed the
first visual rating scheme for assessing IFSHs and showed that IFSHs are more common in
older participants as well as in those with more perivascular spaces—another presumed
imaging marker of glymphatic dysfunction [3]. Due to a lack of amyloid and tau markers in
those seminal studies, the connection between IFSHs and amyloid or tau pathology could
not be established yet. In participants without manifest dementia, Xu et al. [4] sought to
assess whether IFSHs reflected cerebral small vessel disease (CSVD) and amyloid or tau
accumulation in brain parenchyma. Using amyloid and tau positron emission tomography
(PET), the IFSHs were associated with CSVD but not with the PET-derived amyloid or tau
concentrations. As the study was restricted to cognitively normal control (NC) subjects
and subjects with mild cognitive impairment (MCI), this prevents more (disease-)specific
assumptions yet and also raises the question of whether IFSHs might be a late consequence
in the course of Alzheimer’s disease (AD). Those are the only previous studies exploring the
potential role of IFSHs as non-invasive biomarkers of altered CSF clearance [2,4]. Therefore,
further research in larger, more diverse samples is warranted, including patients on the AD
continuum with available amyloid and tau data. Since AD is characterized by progressive
neurodegeneration with the accumulation of waste proteins in the brain and glymphatic
dysfunction, it might be linked to IFSHs [4].

Here, we assessed the IFSHs in a German multicentre study sample with participants
on the AD continuum recruited from memory clinics. Our interests were two-fold. First,
assuming that IFSHs reflect impaired glymphatic function, we aimed to explore the associa-
tion between IFSHs and abnormal amyloid 3 (A3) accumulation or tau pathology [5], which
could extend beyond the influence of age. Second, if IFSHs are indicative of the buildup of
waste proteins and cellular debris, they should be related to cognitive consequences.

2. Materials and Methods
2.1. Study Design and Sample

In this study, we analysed data from the multicentre observational DZNE-Longitudinal
Cognitive Impairment and Dementia Study (DELCODE) in Germany (for detailed infor-
mation, see [6]). The study sample included AD dementia, MCI, and subjective cognitive
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decline (SCD) patients as well as NC subjects. Patient groups (AD dementia, MCI, and
SCD) were referrals to the participating university-based memory clinics. NC participants
were recruited by standardized public advertisement. Before enrolment in the study, all
participants underwent a comprehensive assessment at the local study sites, including
extensive clinical and neuropsychological testing (harmonized across all sites), magnetic
resonance imaging (MRI), sampling of blood, urine, and CSF, and medical history.

Participants with AD dementia, MCI, and SCD fulfilled the current research criteria [7-9].
To evaluate cognition, the Consortium to Establish a Registry for AD-plus (CERAD-plus)
neuropsychological test battery was utilized at all memory clinics. To qualify for DELCODE,
AD patients required a Mini-Mental State Examination (MMSE) score > 18 points and a
CERAD-plus neuropsychological test score below —1.5 standard deviations (SD) of the age-,
sex-, and education-adjusted normal performance, MCI patients a score below —1.5 SD of
the age-, sex-, and education-adjusted delayed recall trial of the CERAD-plus world-list
episodic memory tests, and SCD patients a CERAD-plus neuropsychological test score
better than —1.5 SD below the age-, sex-, and education-adjusted normal performance on
all subtests. NC participants were required to perform within 1.5 SD in the CERAD-plus
neuropsychological test.

Further inclusion criteria for all participants were age > 60 years, fluent German
language skills, and the ability to provide informed consent. Exclusion criteria were
current major depressive episode, major psychiatric disorders at baseline or in the past
(e.g., psychotic disorder, bipolar disorder, or substance abuse), neurodegenerative disorders
other than AD, vascular dementia, history of malignant disease or stroke with residual
clinical symptomes, clinically significant abnormalities in vitamin B12, chronic use of psy-
choactive medication with sedative or anticholinergic effects, application of anti-dementia
medication in MCI, SCD, and NC, and investigational medication for the treatment of
dementia or cognitive impairment one month before entry and for the length of study.

All participants provided written informed consent according to the Declaration of
Helsinki. DELCODE was retrospectively registered at the German Clinical Trials Register
(DRKS00007966, 4 May 2015). The local Ethics Committees of the participating sites (Berlin,
Bonn, Cologne, Goettingen, Magdeburg, Munich, Rostock, and Tuebingen) approved
the study.

2.2. Measurements

In addition to demographics, such as age, sex, years of education, and clinical di-
agnoses, we also considered further variables, including diagnosis of arterial hyperten-
sion (categorized into normotensive or hypertensive according to their International
Statistical Classification of Diseases and Related Health Problems (ICD-10) [10]) and
cognitive function.

Cognitive function was measured by the MMSE and the preclinical Alzheimer’s
cognitive 5 (PACC5), which is sensitive to cognitive change in preclinical AD [11]. Moreover,
global cognition and performance in five cognitive domains were assessed, which were
derived from a confirmatory factor analysis on a comprehensive neuropsychological test
battery [12]. The cognitive domains comprised learning and memory, executive function,
language abilities, visuospatial functions, and working memory.

Amyloid positivity (A+) and phosphorylated tau (p-tau) positivity (T+) were deter-
mined by Ap42/40 ratios and p-taul81 levels in CSE. We used DELCODE-specific cutoff
values for A+ (<0.08) and T+ (>73.65 pg/mL) [13]. A+T+ was considered as AD pathology
according to the National Institute on Aging-Alzheimer’s Association (NIA-AA; [14]).

2.3. Brain MRI Acquisition and Processing

T2-weighted FLAIR sequences were acquired at nine scanning sites equipped with 3T
Siemens MR tomographs (Siemens, Erlangen, Germany) using standardized DELCODE
MR protocols [6], which included high-resolution FLAIR images (full head coverage;
repetition time = 5000 ms; echo time = 394 ms; inversion time = 1800 ms; voxel size = 1 mm?3
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isotropic). The provision of standard operating procedures (SOP) for the implementation
of each protocol and quality assurance were ensured by the DZNE imaging network. Every
radiographer, who operated MRI scanners, received centralized training to implement the
SOP [6].

2.4. Method of IFSHs Rating

The IFSHSs, defined as hyperintense CSF signals on FLAIR in one or more of the three
inferior frontal sulci, encompassing the central sulcus between the gyri recti and both the
right and left olfactory sulci, were rated according to the user guide by Lim et al. [15]. In a
first step, all FLAIR sequences were orientated parallel to the floor of the anterior cranial
fossa utilizing multi-planar reconstruction (MPR). Subsequently, the reference slice clearly
displaying all three sulci was identified. Then, we analysed each sulcus above the reference
slice over multiple axial slices and documented the maximum sulcal length affected. Each
sulcus is scored separately with a score range of 0 to 3 points (0 = none of the sulcus affected;
1 =less than half of the sulcus length affected; 2 = at least half of the sulcus length affected;
and 3 = most or whole of the sulcus length affected), adding all three sulci scores to a total
range of 0 to 9 points (Figure 1). The total IFSH score was divided into three categories (0-1,
2—4, or 5-9) in accordance with the distribution of the total scores among our participants.
This approach is similar to [4].

The IFSH scores were assessed by a trained rater, a resident in Neurology (M.D.),
using Mango Software (version 4.1, 25 March 2019) [16]. MRI scans of n = 20 partic-
ipants were chosen randomly and scored a second time at least four weeks after the
initial MRI analyses by the same Neurology resident (M.D.), and also by another Neu-
rology resident (K.S.). Both raters were trained and blinded to all clinical data. Overall,
Cohen’s kappa demonstrated good intra- and inter-rater consistency for the right sulci
(kappaintra = 0.808, kappainter = 0.733), central sulci (kappaintra = 0.815, kappainter = 0.706),
and left sulci (kappaintra = 0.811, kappainter = 0.643).

2.5. Statistical Analysis

We used IBM SPSS Statistics for Windows, Version 29 (Armonk, NY, USA: IBM Corp.),
for statistical analysis. Patient characteristics were described by calculating mean and me-
dian scores, SD, and relative and absolute distributions. To compare normally distributed
continuous variables, we applied a one-way ANOVA and chi-squared test to evaluate
differences between normally distributed categorical variables. Collinearity statistics were
utilized to identify issues of multicollinearity. We divided our regression models into
potential (1) factors contributing to IFSHs and (2) outcomes associated with IFSHs. (1) In a
first step, we performed univariate ordinal regression analyses with the total IFSH score
(categories) as dependent variable and age, sex, years of education, and the dichotomous
variables arterial hypertension, A+, T+, and AD pathology (A+ and T+ combined) as
independent variables separately. Secondly, a multivariable ordinal regression analysis,
which included all independent variables (except for AD pathology), was conducted. Due
to the high correlation between A+, T+, and AD pathology, we re-performed the multi-
variable regression in a third step, excluding A+ and T+, and including AD pathology as
independent variable. (2) The same procedure was repeated to determine the effect of the
total IFSH score (categories) and the other variables from the first regression model on the
different cognitive scores (see Section 2.2) using a linear regression model. Significance
level was set at p < 0.05 (two-sided p-value) and adjusted for multiple comparisons by
post-hoc Bonferroni correction and chi-squared testing.
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Figure 1. Example of inferior frontal sulcal hyperintensity (IFSH) on fluid-attenuated inversion
recovery (FLAIR) images. The IFSH score in each of the three inferior frontal sulci was as-
sessed above the reference slice. (a) The IFSH total score was 0. (b) The IFSH total score was 2
(see white arrows: 1 point for the right sulcus and 1 point for the left sulcus). (c) The IFSH total score
was 5 (three points for the right sulcus and two points for the left sulcus). (d) The total IFSH score
was 8 (three points for each the right and left sulcus, and two points for the central sulcus.

3. Results
3.1. Description of the Study Sample

We included 361 participants (Table 1; 46/79/156/80: AD dementia/MCI/SCD/NC;
mean age 70.97 (SD 5.78) years; 175 women; total IFSH score 3.11 (SD 1.49) points;
A+: 43.8%; T+: 24.7%; A+T+: 21.9%). The subjects with AD and MCI were older
(p £0.001 and p = 0.024), had lower MMSE scores (p < 0.001), and had more CSF biomarker
positivity than the NC subjects (p < 0.001 for A+, T+, and AD pathology). The total IFSH
sum scores were higher in AD vs. MCI (3.63 vs. 2.87 points; p = 0.036).
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Table 1. Sociodemographic and clinical characteristics of the study sample. Information regarding
history of arterial hypertension was available for most but not all participants (354/361).

8‘:’;2111) AD('?:‘;‘g;‘tia MCI(1=79) SCD(n=156) NC (1 = 80) (Z 'le.g;

Age,y 70.97 (5.78) 74.78 (5.85) 7156 (5.56)  70.55(5.79)  69.0 (4.84) <0.001

Male, 1 (%) 186 (51.50) 16 (34.8) 44 (55.7) 88 (56.4) 38 (47.5) 0.052

Years of education 14.35 (2.97) 13.11 3.11) 1373 (2.84) 1498 (2.96) 1443 (2.72) <0.001

Arterial hypertension, 1 (%) 193 (54.51) 27 (58.7) 43 (56.57) 86 (56.57) 37 (46.3) 0.404

MMSE total score 2813 (263)  23.02(337) 2780 (034)  29.15(1.08)  29.40 (0.82) <0.001

AB positivity, 7 (%) 158 (43.8) 41 (89.1) 47 (59.5) 52 (33.3) 18 (22.5) <0.001

p-tau positivity, 1 (%) 89 (24.70) 32 (69.6) 30 (38.0) 22 (14.1) 5(63) <0.001

AD pathology (yes), n (%) 79 (21.90) 32 (69.6) 28 (35.40) 16 (10.3) 3(3.8) <0.001
IFSH score

Right sulcus 1.10 (0.74) 1.35 (0.76) 1.08 (0.69) 1.08 (0.79) 1.02 (0.67) 0.106

Central sulcus 0.80 (0.53) 0.89 (0.43) 0.77 (0.45) 0.79 (0.60) 0.79 (0.54) 0.651

Left sulcus 121 (0.80) 139 (0.71) 1.04 (0.68) 128 (0.87) 1.14 (0.77) 0.048

Total TFSH sum score 3.1 (1.49) 3.63 (1.25) 2.87 (1.36) 3.15 (1.61) 2.95 (1.42) 0.034

Note: n: number. y: years. AD: Alzheimer’s disease. MCI: mild cognitive impairment. SCD: subjective cognitive
decline. NC: cognitively normal control. MMSE: Mini-Mental State Examination. A3: amyloid . p-tau: phosphory-
lated tau. IFSH: inferior frontal sulcal hyperintensity. Values are mean (standard deviation) unless otherwise noted.
Significant p-values are marked bold.

3.2. Associations between IFSHs and AD Pathology

Table 2 illustrates the associations between the total IFSH score (categories) as the
dependent variable and demographic and clinical data as independent variables (potential
factors contributing to IFSHs). There was no evidence of collinearity. Both the variance
inflation factor (VIF) and tolerance for each independent variable were below and above,
respectively, the values suggested in the literature (VIF < 2.5 and tolerance > 0.4; [17]).

Table 2. Associations between total IFSH score, demographics, and clinical data.

Step 1 Step 2 Step 3
Univariate Multivariable Multivariable
Variables OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Age 1.07 (1.02 to 1.11) 0.002 1.05 (1.00 to 1.10) 0.020 1.07 (1.02 to 1.11) 0.003

Male sex 0.49 (0.30 to 0.80) 0.005 0.44 (0.26 to 0.76) 0.004 0.46 (0.27 to 0.80) 0.006

Years of education 0.91 (0.84 to 0.99) 0.042 0.97 (0.89 to 1.06) 0.641 0.96 (0.88 to 1.05) 0.471

Arterial hypertension 1.67 (1.02 to 2.74) 0.041 1.55 (0.94 to 2.57) 0.084 1.53 (0.93 to 2.53) 0.093
Ap positivity 2.33 (1.41 to 3.86) <0.001 1.95 (1.05 to 3.59) 0.032
p-tau positivity 1.99 (1.14 to 3.46) 0.014 1.12 (0.57 to 2.18) 0.727

AD pathology 1.84 (1.04 to 3.28) 0.035 1.40 (0.76 to 2.59) 0.276

Note: OR: odds ratio. CI: confidence interval. Step 1: univariate regression model. Step 2: multivariable
regression model, including age, sex, years of education, arterial hypertension, A positivity, and p-tau positivity
as independent variables. Step 3: multivariable regression model, including age, sex, years of education, arterial
hypertension, and AD pathology as independent variables. Significant p-values are marked bold.

The multivariable regression models (Step 2) suggested that older age, female sex,
and A+ were associated with higher IFSH scores. The odds of having higher total IFSH
scores were 95% higher in the subjects with A+ than those with A— (odds ratios (OR): 1.95,
95% confidence interval (CI): 1.05 to 3.59, p = 0.032). The other independent variables did
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not reach statistical significance. Interestingly, A+ still predicted higher total IFSH scores
after excluding the AD and MCI participants (OR: 2.44, 95% CI: 1.20 to 4.95, p = 0.014); see
Supplementary Table S1). In the third step, only older age and female sex were significantly
associated with higher IFSH scores, while AD pathology (A+ and T+ combined) did not
reach statistical significance.

A one-way ANOVA comparing the total IFSH scores (categories) between the biomarker
profiles (not A+ and not T+ defined as A—T—, A+ but not T+ defined as A+T—, A+T+, not
A+ and T+ defined as A—T+) indicated significant differences on a group level (p = 0.003).
The Bonferroni correction demonstrated significant differences between A—T— vs. A+T—
(p =0.029) and A—T— vs. A+T+ (p = 0.016) but not between A+T— vs. A+T+ or A—T— vs.
A-T+.

A second regression analysis, exploring the potential cognitive repercussions of the
IFSHs, was applied (see Supplementary Table S2). Therefore, we used different cognitive
scores as dependent variables separately: the total MMSE score, global cognitive perfor-
mance, domain-specific performance (learning and memory, executive function, language
abilities, visuospatial functions, and working memory), and the PACCS5 (see Section 2.2).
We did not find evidence for a relationship between the total IFSH scores (categories) and
cognitive function after controlling for age, sex, years of education, arterial hypertension,
A+, T+, and AD pathology.

4. Discussion

We tested whether IFSHs were associated with AD pathology (A+ and T+) and cog-
nitive performance in a sample of 361 participants across the AD continuum. We found
that the IFSHs were associated with amyloid positivity but not tau positivity and that this
relationship remained after correcting for age, sex, years of education, and a history of
hypertension. However, we did not find sufficient evidence suggesting that the IFSHs
were tied to cognitive performance beyond demographics, arterial hypertension, and AD
biomarker positivity.

Our work indicated that higher IFSH scores were associated with increasing age, in
agreement with previous works [2]. Past studies suggested that larger molecules, cell debris,
or proteins could alter the CSF MRI signal intensity [18]. These metabolites of the brain
are found more often with increasing age, e.g., due to brain atrophy, which is associated
with the loss of neurons and glial cells [4,19,20]. Of note, we found IFSHs to occur in both
atrophic and non-atrophic brains (see also [4]). Since the inferior frontal sulci, located
superior to the cribriform plate, are a main location of glymphatic CSF clearance [18], the
CSF hyperintensities on MRI scans are expected to occur in this region and particularly in
older adults, who demonstrated decreased glymphatic function [19].

However, glymphatic dysfunction is not only an age-related phenomenon [21] but
also plays a pivotal role in numerous pathologies, such as idiopathic normal pressure
hydrocephalus or AD [22-24]. Apart from progressive neurodegeneration and glymphatic
dysfunction, a hallmark of AD is A3 deposition, as well as higher rates of neurotoxic
waste production [25,26]. Interestingly, multivariable regression analyses suggested that
IFSHs are associated with A+ beyond age. Additionally, recent findings indicated that
Ap is deposited in the orbitofrontal cortex, which is in close vicinity to IFSHs [5,27]. Our
observed IFSH score differences between the biomarker profiles reinforce the hypothesis
that A+ rather than T+ is needed for IFSHs to become visible on FLAIR images. Hence,
IFSHs might reflect A3 accumulation. Consequently, the increased deposition of Af3 caused
by glymphatic dysfunction might lead to further ischemic and hypoxic reactions [28,29],
aggravate the microglial inflammatory response, and ultimately foster inflammation and
the progression of AD [30,31].

As a cautionary note, Xu et al. [4] did not find any associations between IFSHs and
AD biomarkers. Still, their study was limited to NC and MCI subjects and only a small
amount of PET-derived amyloid or tau data. The authors suggested that a lack of late-stage
patients on the AD continuum might have restricted more disease-specific assumptions in
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their study: in the early stages of the disease, the pathological damage may be small. The
inclusion of AD dementia patients in our study and the significant associations between A+
and the IFSH scores beyond age suggest that IFSHs could be a reflection of the long-term
accumulation of A{3 rather than of the initial disease stages. Still, A+ predicted higher IFSH
scores even after excluding AD dementia and MCI participants in our analyses. Future
studies should strive to unravel the complex relationships between IFSHs and the AD
continuum to determine whether IFSHs are potential early disease biomarkers or instead
late-stage findings.

Another finding of our study is the association between female sex and higher IFSH
scores. This finding is in accordance with prior research indicating that women are two
to three times more likely to develop AD than men [32]. There are multiple lifestyle
factors known to promote the development of AD, which are particularly often found
in women. For instance, women are especially vulnerable to sleep disruption around
the transition to menopause, and sleep disturbances have been linked to an increase in
AP [32,33]. Pregnancy might also affect the cerebrovascular system and thus glymphatic
function in the long term [32].

Finally, higher IFSH scores did not result in cognitive repercussions. Our finding
might be explained by the distribution of A+ and T+ in our study sample (A+ > T+), which
is to be expected considering the pathophysiological mechanism of AD development, in
which the brain initially accumulates A3 followed by a p-tau pathology. A recent study
identified the rate of p-tau changes to mediate the relationship between the initial amyloid
manifestation and final cognition [34]. Thus, future studies might want to focus on the
intertwined relations of A+, T+, and cognitive function in the context of IFSHs.

There are some limitations to this study. First, our study is cross-sectional, and,
therefore, further longitudinal studies are warranted to explore the causal relationships
between IFSHs and other variables. Second, as of yet, it is not possible to obtain CSF
samples from the inferior frontal sulci, and thus the definite nature of IFSHs remains unclear.
Although our findings align with recent investigations [2,4] suggesting that IFSHs reflect
glymphatic dysfunction, cerebral blood vessel leakage or tissue lesions due to aging might
be other possible explanations. That is, blood, proteins, or cell debris might enter the brain
instead of insufficient drainage from the brain leading to IFSHs. Future histopathological
studies, sophisticated neuroimaging techniques (e.g., MR spectroscopy or magnetization
transfer imaging), and more diverse study samples might elucidate this question. Moreover,
the analysis of additional MRI sequences not restricted to FLAIR images might help to
understand the potential cause of IFSHs. Certainly, the IFSH location poses a challenge
due to a strong susceptibility to artefacts in this region. Hence, the existence of imaging
artefacts cannot be ruled out. Those artefacts might depend on patients’ characteristics,
such as head size, body mass index, or brain atrophy. Further MR-related aspects, such
as imperfect inversion, might be another cause of such artefacts [35]. Still, we did not
observe any artefacts in the IFSH regions aside from those already mentioned by [15] (see
Supplementary Figure S1).

5. Conclusions

Our study provides evidence of an association between IFSHs and amyloid pathology
that persists even after accounting for demographics and vascular risk factors. IFSHs could
therefore represent an atypical neuroimaging finding that could be widely assessed as a
routine clinical procedure. Our findings should, however, be treated with caution given
that the definite nature of IFSHs remains elusive.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/diagnostics14090940/s1, Table S1: Associations between total IFSH
score, demographics and clinical data—NC and SCD participants only. Table S2: Associations between
total IFSH score and cognitive scores. Figure S1: Example of Inferior Frontal Sulcal Hyperintensity
(IFSH) on fluid-attenuated inversion recovery (FLAIR) images in different planes and artefacts in the
middle sulcus.
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