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Editorial on the Research Topic
Current advances in genetic dementia and aging

Cognitive impairment and dementia have become a serious global public-health issue
associated with severe disability. Alzheimer’s disease (AD) is a multifarious polygenic
disease that is the most common cause of dementia in the elderly. Early-onset AD
(EOAD) accounts for approximately 5-10% of all cases of AD and can be caused by
mutations in amyloid precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2
(PSEN2). According to Orozco-Barajas et al. PSEN1 A431E is the most reported variants
related to EOAD. Besides, more than 40 other genetic variants combine to cause late-
onset AD (LOAD) with a lifetime prevalence of 22-95%; when demographic factors
are included in the risk score along with APOE e4 and other risk genes, AD prediction
accuracy will exceed 66% (Koriath et al., 2021). And other APOE e4-independent LOAD,
with the lowest risk of development, is significantly more likely to be caused by random
conditions than by genetic factors. Previous studies have shown that patients with
cerebrovascular illness are more likely to develop dementia. The role of modifiable
vascular risk factors can play a role, such as hypertension, diabetes, hyperlipidemia and
soon (Appleton etal, 2017; Yen et al., 2022). Strategies to prevent cerebrovascular illness
hold great potential to delay the incidence of cognitive impairment or dementia.

Neuroimaging advancements could help in better understanding of AD
neuropathologic changes in vivo. Zeng et al. have found that vascular hyperintensity
on FLAIR images has important implications for cerebrovascular disease, for
instance, large-vessel stenosis/occlusion, Moyamoya disease and transient ischemic
attack, but it cannot be used as a neuroimaging marker of impaired cerebral
hemodynamics or good collateral circulation. Resting-state functional magnetic
resonance imaging (rs-fMRI) researches have found that individuals with age-related
macular degeneration exhibit abnormal functional connection and regional homogeneity
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in Liu et al. and Xiao et al. In addition, patients with mild
cognitive impairment have regional homogeneity dysfunction,
but their signal intensity in several brain regions is higher
than in normal controls. These results may be related to the
neural network excitation and inhibition of different regions
(Wu et al.). Mai et al. have found that an AD-resemblance
atrophy index, based on structural magnetic resonance imaging,
can be used to predict the risk of progression from MCI to AD
dementia. It is also beneficial to construct a more accurate risk
prediction model for AD.

Polygenic risk score combined small effect SNPs is a useful
approach to identify individuals at higher risk of LOAD.
Mendelian randomization studies have found that AD genetic
susceptibility is negatively associated with gout, but not be
causally, and genetic associations between LOAD and other
cardiometabolic risk factors have been reported (Fu et al; Li
et al.). Increasing attention is now being directed to intestinal
flora, Zhang et al. have found that significantly greater numbers
of genus Helicobacter is observed in diabetic mice than in wild
mice and diabetes may be intricately linked to increased risk
for developing neuro-inflammation, which potentially induce
age-related cognitive impairment.

The amyloid hypothesis is widely accepted as the core
pathology of AD, and amyloid-beta deposition is posited to
be the initiating factor in AD. Amyloid-beta may suppress
the expression of SIRT1, an essential aging regulator, and
promote aging-associated DNA damage. Interestingly, Aspirin
could upregulate SIRT1 expression and rescue cells from
senescence (Li et al.). Moreover, the accumulation of tau
neurofibrillary tangles is a major pathological hallmark of AD.
Qian et al. have proved that KRAS and PIK3R1 gene, as
core genes associated with abnormal infiltration of peripheral
immune cells, are strongly associated with the severity of tau
pathology.

Many attempts have been made to prevent or postpone
dementia progression, such as exercise, nutritional
supplementation and medications. Chen et al. indicate that
exercise may be significant to prevent AD through upregulating
the expression profile of miR-215-5p to prevent neuronal cell
necrosis. Based on molecular dynamical simulations and kinetic
studies, Kang et al. confirm that Baicalein can contribute to
protect patients with atrophic rhinitis against the development
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Colony-stimulating factor-1 receptor-microglial encephalopathy is a rare rapidly
progressive dementia resulting from colony-stimulating factor-1 receptor (CSF1R)
mutations, also named pigmentary orthochromatic leukodystrophy (POLD),
hereditary diffuse leukoencephalopathy with spheroids (HDLS), adult-onset
leukoencephalopathy with axonal spheroids, and pigmented glia (ALSP) and CSF1R-
related leukoencephalopathy. CSF1R is primarily expressed in microglia and mutations
normally directly lead to changes in microglial number and function. Many animal
models have been constructed to explore pathogenic mechanisms and potential
therapeutic strategies, including zebrafish, mice, and rat models which are with CSF1R
monogenic mutation, biallelic or tri-allelic deletion, or CSF1R-null. Although there is
no cure for patients with CSF1R-microglial encephalopathy, microglial replacement
therapy has become a topical research area. This review summarizes CSF1R-
related pathogenetic mutation sites and mechanisms, especially the feasibility of the
microglia-original immunotherapy.

Keywords: CSF1R-microglial encephalopathy, microglia, dementia, mutation, pathophysiological mechanism,
microglial replacement

INTRODUCTION

Colony-stimulating factor-1 receptor -microglial encephalopathy, microglia-original dementia,
is a rare autosomal dominant disease caused by mutations in the colony-stimulating factor-
1 receptor (CSF1R) gene resulting in microglial dysfunction. Clinically, it is manifested by
progressive cognitive decline, motor impairment accompanied by mental behavioral abnormalities.
CSF1R-microglial encephalopathy typically presents as rapidly progressive dementia. The peak
age of onset is 8-72 years (mean 42 years) and the prognosis is poor with a median survival
of 2-30 years (mean 6 years) (Lynch et al., 2019). This review discusses the pathophysiology,
corresponding animal models, and management options of CSF1R-microglial encephalopathy to
promote clinical awareness.

HISTORICAL BACKGROUND AND NOMENCLATURE

Colony-stimulating factor-1 receptor (CSFI1R)-microglial encephalopathy was also known as
pigmentary orthochromatic leukodystrophy (POLD), hereditary diffuse leukoencephalopathy with
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CSF1R-Microglial Encephalopathy

spheroids (HDLS), adult-onset leukoencephalopathy with
axonal spheroids, and pigmented glia (ALSP), and CSFIR-
related leukoencephalopathy. The naming process was shown
in Figure 1.

The study Marotti et al. (2004) found that there are
many similarities between the original brain sections of
the first POLD diagnosed in 1936 and the brain autopsy
sections of HDLS families confirmed in 1984, including white
matter degeneration, corpus callosum atrophy, pigmented glia,
neuroaxonal spheroids and demyelination, and so forth. Besides,
the clinical manifestations of POLD are quite similar to HDLS.
Thus, it is inferred that POLD and HDLS to be the same disease
(i.e., ALSP). The diagnostic criteria for these rare diseases are
mostly based on sporadic cases and small case series. Therefore,
rare diseases are easily classified as the same disease, when
with similar clinical and pathological features. And known
nomenclature might simply be an expression of pathological
changes, ignoring microglia-original abnormalities.

In recent years, genome-wide association (GWAS) and whole
exome/genome sequencing (WES/WGS), have been widely
used for mutational analysis in rare diseases. With a common
causal gene CSFIR being identified, HDLS and POLD were
reconfirmed to be the same disease. And this evidence provides
genetic evidence for ALSP diagnostics (Rademakers et al., 2011;
Nicholson et al.,, 2013). But no mutations in the CSFIR gene
were found in the first confirmed family of HDLS in 1984
(Sundal et al., 2013). Besides, many patients have typical ALSP
clinical manifestations, including progressive cognitive decline,
motor impairment, and mental behavioral abnormalities, but
no CSFIR mutation (Lynch et al, 2016). Therefore, ALSP
is further divided into CSFIR- related leukoencephalopathy,
AARS2- related leukoencephalopathy, and CSF1R/AARS2-
negative ALSP (Konno et al, 2018). Currently, whether
leukodystrophy is the same concept as leukoencephalopathy
remains controversial. Microglial dysfunction caused by
mutations in the CSFIR gene has been put forward as the
fundamental pathogenetic mechanism of this rare disease
(Prinz and Priller, 2014). Hence, this review summarized
the current basic research with the term “CSF1R-microglial
encephalopathy.”

CSF1R MUTATION SITES

The colony-stimulating factor-1 receptor (CSFIR) gene is located
on chromosome 5q32 and includes 22 exons that encode cellular
membrane proteins. CSFIR is a receptor tyrosine kinase made
up of 5 functional domains: 5 immunoglobulin-like motifs
in the extracellular domain, a transmembrane domain (TM),
a juxtamembrane domain (JMD), a kinase insertion domain
(KID), and dichotomous tyrosine kinase domains (TKDs). Most
gene mutations are located at the tyrosine kinase domain of
CSF1R encoded by exons 12-21, and no disease-associated
mutations located in exon 16 have been discovered yet. As
of October 2021, a total of 114 mutation sites has been
reported globally, including 93 missense mutations, 4 nonsense
mutations (red), 4 insertions or deletions (blue), 7 frameshift

mutations (green), and 13 splice-site mutations (Figure 2;
Konno et al, 2018; Lai et al., 2020; Zhuang et al., 2020;
Ayrignac et al, 2021; Chu et al, 2021; Du et al, 2021;
Kindis et al, 2021; Sohn et al, 2021; Tipton et al, 2021;
Tsai et al., 2021).

PATHOPHYSIOLOGICAL MECHANISMS

In the central nervous system, CSF1R is predominantly expressed
on microglia. CSFIR knockout leads to a decrease in the
number of microglia and exists a high spatial heterogeneity
(Prinz and Priller, 2014). Cerebellar CSFIR expression seems
to be low when compared with cortex, hippocampus, and
striatum in Csflr-EGFP transgenic mice (Hawley et al., 2018).
In vitro studies have found that CSFIR mutations would
lead to autophosphorylation of tyrosine residues lost through
two mechanisms, specifically one possibility is a dominant-
negative mechanism and the other with loss of function.
Mutations located in the juxtamembrane domain and the
kinase insert region, which assembles into homodimers and
heterodimers, resulting in the inhibition of kinase activity,
thereby suppressing phosphorylation of its downstream targets
(Rademakers et al., 2011; Leng et al., 2019). Mutations located
in the tyrosine kinase domain, which result in the inactivation
of a tyrosine kinase, fail to continue signal transduction
(Pridans et al., 2013).

The haploinsufficiency of the CSFIR gene could result in
the lack of microglia in the CSFIR-null zebrafish model,
including an overall decrease of microglia and a region-specific
reduction (Oosterhof et al., 2019). Based on RNA sequencing
results for zebrafish of wide-type, biallelic deletion and tri-
allelic deletion of CSFIR, lack of CSFIR might also up-
regulate genes related to immune response processes, including
chemokine genes and chemokine receptor genes and down-
regulated genes related to nervous system development and
neuronal differentiation (Oosterhof et al., 2018). Besides, changes
in CSF1R could affect microglial distribution, so the abnormal
distribution of microglia is clearly seen in the CSFIR tri-
allelic deletion of the zebrafish model (Oosterhof et al., 2018).
The results of necropsy indicated that residual microglia
had a strong proliferative ability though the numbers of
microglia in specific brain regions were significantly reduced
(Tada et al., 2016).

The CSFIR gene expression is increased in response to
brain injury marginally expressed in the hippocampus, neurons
and neural stem cells, this suggests a neuroprotective role for
CSF1R (Luo et al,, 2013). Systemic Csflr-knockout mice can
exhibit osteopetrosis, reduction in marrow hematopoiesis, and
defection in reproductive function, impairment in olfactory
capacity, and reduction in mononuclear phagocyte, including
microglia (Dai et al, 2002; Li et al, 2006; Chitu et al,
2016). And the most prominent difference was the length of
survival time. CSFIR-null mice only had a median survival
of 6 weeks, and a significant reduction of microglia is the
most obvious feature additionally with enlarged ventricle and
skeletal dysplasia (Guo et al., 2019). Because the early lethality
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of this model is high, the CSFIR-null mice model is not
suitable to investigate neurodegenerative disease. Although
the conditional Csflr-knockout mice can selectively suppress
CSFIR expression and make microglia absent, the mouse
phenotype is not clinically consistent with CSF1R-microglial
encephalopathy (Rojo et al, 2019). Homozygous infants
with CSFIR deletion suffer death within 1 year of birth,
accompanied by microglial deficiency, macrocephaly, and
osteopetrosis (Oosterhof et al., 2019). Microglia are fully absent
in the CSFIR-null rat model showed growth retardation,
skeletal abnormality, and infertility, but most brain structural
without abnormality and the rat can survive to adulthood

(Guo et al, 2019). Therefore, the CSFIR-null rat model
poses a possibility for long-term follow-up effects of different
interventions.

It is also found in the CSFIR-null zebrafish model that the
expression of neuronal transcription factor CUX1 is significantly
decreased (Oosterhof et al., 2019). Additionally, CUX1 is a
transcription factor associated with axonal projections indicating
that reducing the number of CUX1+ neurons may lead to the
hypoplastic corpus callosum (Oosterhof et al., 2019). Mice with
CSFIR £+ monogenic mutation are viable, fertile, and without
skeletal abnormalities, but then may present cognitive decline,
depression, and anxiety (Guo et al., 2019). It is found that CSFIR
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interacts with TRME2 through the transmembrane region and
thereby regulates each other by Cheng et al. (2021). CSFIR
knockdown markedly increases the TREM2 mRNA levels and
TRME?2 suppression results in elevated mRNA and protein levels
of CSF1R. Thus, the phenotype of Trem2-deficient microglia
can be rescued by activating CSF1R signaling (Cheng et al.,
2021). It has been reported, CSF2 expression is increased in
both the Csflr+ mice model and patients with CSFIR-microglial
encephalopathy (Chitu et al., 2020). Targeted disruption of the
murine Csf2 allele could suppress microgliosis, inhibit oxidative
stress and improve microglial dysfunction, and ameliorate spatial
memory, depression-like behavior, olfactory dysfunction, and
motor coordination (Chitu et al., 2020).

MICROGLIAL REPLACEMENT THERAPY

Experimental mouse models of reduced CSFIR expression levels
indicate that the absence of microglia could contribute to
repopulated niche by the newly microglia. However, the source
of the repopulated microglia is yet to be fully confirmed. Using
different modified mouse lines, Huang et al. (2018) demonstrate
that the repopulated microglia is from the proliferation of
surviving microglia (<1%). Furthermore, based on findings
of Cx3cr1CrER/+R26PTA/+ mice, microglia-like cells could be
produced by infiltration of peripheral monocytes into the brain
(Lund et al., 2018). Both types are not mutually exclusive and can
happen at the same time.

BASED ON THE PROLIFERATION OF
RESIDENT MICROGLIA

Specific inhibitors of CSFIR target and purge 99% microglia
in the CNS and cross the blood-brain barrier, but neither
mouse abnormal behavior nor cognitive decline was observed.
Microglial numbers return to normal levels 1 week after
inhibitor withdrawal (Elmore et al., 2014). After a 28-day
repopulation, microglial morphology has been reproduced
rejuvenation. And dendrite complexity has been recovered
in hippocampal neurons of 24-month mice (Elmore et al,
2018). Microglial repopulation contributes to reversing the
expression of all these genes related to actin cytoskeleton
remodeling and synaptogenesis, inducing neurogenesis and
ameliorating age-related memory impairment (Elmore et al.,
2018; Willis et al., 2020). Furthermore, some trials of PLX5622
have found that small molecule inhibitors can affect not only
brain microglia, but also bone marrow-derived macrophages,
tissue macrophages, and circulating monocytes (Lei et al,
2020). Therefore, the application of CSFIR inhibitor to patients
with CSFIR-microglial encephalopathy should be cautiously
considered. A study, in which adult CSF1R+ mice were treated
with persistent low-grade PLX5622 at different stages of the
disease, has found that modulating microglial phenotypes could
reverse presynaptic and ECM alterations induced by CSFIR
haploinsufficiency and improved cognition without altering
neuronal populations. This finding suggests that microglia are

viable targets for therapeutic intervention early in the disease
(Arreola et al., 2021).

BASED ON TRANSPLANTATION OF
MICROGLIA-LIKE CELLS

Microglia-like cells differentiated by allogeneic bone marrow
transplantation (BMT) have the option to replace 92.66% of
resident microglia in the brain. Normally, microglia replacement
by BMT (mrBMT) remains at resting-state. While in response
to inflammatory stimuli, microglia-like cells are activated
performing the immune function (Xu et al.,, 2020). Peripheral
blood-derived microglia-like cells (mrPB) can replace 80.74% of
resident microglia, and acquire mature phenotype to monitor
intracellular environmental stabilization after 30 days (Xu et al.,
2020). Single-cell RNA sequencing reveals that microglia-like
cells have macrophage-like properties, which is different from
the yolk sac-derived CNS resident microglia epigenetically (Lund
et al,, 2018; Xu et al., 2020). The novel replacement therapies
are suitable for neonatal and adult mice. Clinically, bone marrow
transplantation and peripheral blood graft hold promise for the
treatment of CSF1R-microglial encephalopathy.

BASED ON HEMATOPOIETIC STEM
CELL TRANSPLANTATION

Microglia replacement by exogenous microglia transplantation
(mrMT) shares very similar morphology and RNA expression
profiling of resident microglial (Xu et al., 2020). It is difficult
to acquire sufficient endogenous microglia for therapeutic
transplantation, so with the help of hematopoietic stem cell
transplantation (HSCT), protein expression is normalized for
CSFIR in replacement wide-type microglia and the inhibited
CSFIR pathways are activated. Patients achieve stable disease
with relatively stable expanded disability status score and
decreased volume of white matter hyperintensities 6-30 months
after undergoing transplantation (Mochel et al., 2019). If HSCT
could be performed early in the disease, survival could extend
beyond 15 years and patients may have normal communication
abilities (Eichler et al., 2016). Donor chimerism reaches 100%,
9 months after transplantation, besides, cognitive and motor
impairment are markedly improved and hyperintensities of
the foci completely regress after 28 months (Gelfand et al,
2020). And stabilizing effects of HSCT have been found in the
largest longitudinal study of 7 patients with CSF1R-microglial
encephalopathy receiving HSCT, containing motor capacity,
cognition, radiographic severity, and white matter lesion burden
(Tipton et al., 2021).

CONCLUSION AND OUTLOOK

At present, works of research on the mechanism of CSFIR-
microglial encephalopathy are still few and lack animal models
with missense mutations. The emerging microglial replacement
therapy is a reliable modality to relieve clinical symptoms
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and extend survival. But further experimental studies and
clinical trials with long-term follow-up are still needed to assess
potential risks.
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Neuroradiological methods play important roles in neurology, especially in
cerebrovascular diseases. Fluid-attenuated inversion recovery (FLAIR) vascular
hyperintensity (FVH) is frequently encountered in patients with acute ischemic stroke
and significant intracranial arterial stenosis or occlusion. The mechanisms underlying
this phenomenon and the clinical implications of FVH have been a matter of debate.
FVH is associated with large-vessel occlusion or severe stenosis, as well as impaired
hemodynamics. Possible explanations suggested for its appearance include stationary
blood and slow antegrade or retrograde filling of the leptomeningeal collateral circulation.
However, the prognostic value of the presence of FVH has been controversial. FVH
can also be observed in patients with transient ischemic attack (TIA), which may have
different pathomechanisms. Its presence can help clinicians to identify patients who
have a higher risk of stroke after TIA. In this review article, we aim to describe the
mechanism and influencing factors of FVH, as well as its clinical significance in patients
with cerebrovascular disease.

Keywords: fluid-attenuated inversion recovery, FLAIR vascular hyperintensity, collateral circulation, transient
ischemic attack, stroke

INTRODUCTION

Cerebrovascular diseases are harmful to human life because they have high mortality and disability
rates. Fluid-attenuated inversion recovery (FLAIR) is widely used for the diagnosis of various
intracranial diseases and is now recommended as a part of the routine protocol for magnetic
resonance imaging (MRI) of stroke. FLAIR vascular hyperintensity (FVH) was first described in
1999 in a series of patients with acute stroke and subacute stroke (Cosnard et al., 1999). This
finding has also been termed “hyperintense vessels on FLAIR,” the “hyperintense vessel sign,” and
the “ivy sign” in the literature (Girot et al., 2007; Hacein-Bey et al., 2014; Lee et al., 2016; Nam et al.,
2017; Grosch et al., 2020). FVHs are defined as focal, serpentine, or linear hyperintensities that are
best visualized within the Sylvian fissure and are associated with large-vessel occlusion or stenosis
(Lee et al., 2021). This neuroimaging sign has been observed not only in large-vessel stenoocclusive
disease due to atherosclerosis but also in other diseases, such as Moyamoya disease and transient
ischemic attack (TIA). FVH may be an important neuroimaging marker, and clinicians and
radiologists should be trained to look for its presence.
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FLAIR vascular hyperintensity is most likely to represent slow
arterial blood flow, which is frequently encountered in patients
with acute ischemic stroke. Slow blood flow is interpreted as
slow retrograde flow in leptomeningeal collaterals or antegrade
flow that corresponds to impaired hemodynamics (Nam et al.,
2018). FVH may thus be of clinical significance in predicting
cerebrovascular disease, especially when magnetic resonance
angiography (MRA) is unavailable. However, the associations
of FVH with clinical outcomes remain controversial. FVH may
represent slow collateral flow that is effective in maintaining
perfusion to penumbral regions, restricting the progression of
ischemic lesions, and improving outcomes (Dong and Nao, 2019;
Yuan etal., 2019; Derraz et al., 2021). On the other hand, FVH has
been observed to correspond to perfusion deficits, larger lesions,
and poor outcomes (Nam et al., 2017; Kim et al., 2019; Zhu
et al.,, 2020; Wang et al., 2021). In this review article, we aim to
review the current understanding of the physiology and clinical
significance of FVH. This underappreciated neuroimaging sign
may have important clinical implications.

MECHANISM AND INCIDENCE OF FLAIR
VASCULAR HYPERINTENSITY

The exact pathophysiology of FVH has not yet been clearly
defined, but its associations with acute large-artery occlusion and
chronic arterial stenosis have been widely accepted. FVHs are
classified into distal and proximal FVHs according to their extent
and location (Figure 1), which have different clinical implications
(Azizyan et al., 2011). Distal FVH is defined as FVH that is
present in the M3 and/or distal segments of the MCA (Yoshioka
et al., 2013; Nam et al., 2017). Proximal FVH is defined as FVH
that extends only within the territories of the M1 and/or M2
segments of the MCA (Shin et al., 2020; Li et al., 2021). Initially,
some authors linked FVH to intraluminal thrombus, whereas
other studies suggested that FVH might reflect slow arterial blood
flow rather than intraluminal thrombus (Sanossian et al., 2009).
FVH is associated with the leptomeningeal collateral circulation
in arterial occlusive lesions. Stationary blood and slow antegrade
flow have been suggested as possible explanations for proximal
FVH. Slow retrograde collateral circulation has been regarded as
the mechanism of distal FVH (Figure 2). FVHs are frequently
detected in patients with acute cerebral infarction accompanied
by significant stenosis or arterial occlusion of the middle cerebral
artery (MCA) and internal carotid artery (ICA). FVHs can also be
observed in posterior cerebral artery territory, but it is much less
reported than in MCA and ICA, for the anatomical characteristics
of the PCA including a short and tortuous pathway compared
with that of the MCA.

Previous studies have attributed the presence of FVH to
large-artery disease, leptomeningeal collateral flow, and local
alterations in hemodynamics (Jiang et al., 2019; Bourcier et al,,
2020; Derraz et al., 2021; Lee et al., 2021; Maruyama et al., 2021).
This hypothesis has been corroborated by several observations
that reported the presence of FVH together with large-vessel
stenosis or occlusion. Alterations in hemodynamics, such as
stationary blood and slow blood flow, often from the collateral

circulation through leptomeningeal anastomoses, have been
suggested to be the leading cause of FVH (Lee et al.,, 2021). Ahn
et al. (2016) investigated the influence of differences in blood
flow velocity on the presentation of FVHs. As the flow velocity
increased, the signal intensity of FVHs decreased. This finding
is consistent with the theory based on slow blood flow. Patients
with cerebral infarction exhibited a higher frequency of FVH than
patients with TIA, which suggests that the frequency of FVH
might be correlated with the severity of ischemia.

FLAIR vascular hyperintensity has frequently been
encountered in patients with acute ischemic stroke and
significant intracranial arterial stenosis or occlusion, and it
has also been observed in patients with chronic intracerebral
arterial stenoocclusive disease. The frequency of FVHs has varied
immensely between different studies. FVH signs on FLAIR
have been reported to be observed in 45-100% of patients
with acute ischemic stroke, primarily in strokes involving
the MCA territory. Shin et al. (2020) showed that proximal
FVH was observed in 71/105 (67.6%) patients who presented
with hyperacute infarction of the MCA. A lower prevalence
of FVH has been reported in distal occlusions and posterior
strokes or when the onset-to-imaging time increased. One
possible explanation for these results is the heterogeneity of the
patients in the studies. A great many variables might affect the
presentation of FVHs.

FACTORS INFLUENCING FLAIR
VASCULAR HYPERINTENSITIES

Many factors may influence the presence and extent of FVHs, of
which the blood flow velocity is regarded as the most important.
A quantitative MRI study (Ahn et al., 2016) of a phantom
using different flow velocities would help to define the exact
range of flow velocities that cause FVH. The signal intensities of
FVHs on conventional FLAIR were minimal at a flow velocity of
11.3 cm/s, but as flow velocities decreased the signal intensities
increased. Hence, a decrease in blood flow velocity will result
in an increase in signal intensity in the respective vessel on
FLAIR imaging. On the other hand, Ahn et al. (2016) reported
that MRI parameters, such as the echo time (TE) and flip
angle (FA), and the periodically rotated overlapping parallel lines
with enhanced reconstruction (PROPELLER) technique were
independent factors that influenced the intensity of FVHs. As the
TE increased, the signal intensity of FVHs decreased. In contrast,
as the FA of the refocusing pulse increased, the intensity of FVHs
increased, and the PROPELLER technique significantly increased
the intensity of FVHs (Ahn et al., 2015).

The average time interval between symptom onset and
imaging might be another important factor that influences the
presence of FVH. Many studies have examined the time course
of FVH in acute and subacute cerebral infarctions of the MCA
territory, and the results showed that the frequency of FVH
declined over time (Aoki et al., 2020). Maeda et al. (2001)
reported that FVH was seen in 100% of examinations carried out
less than 24 h after symptom onset but only 50% of examinations
performed 10-13 days after symptom onset. The presence of

Frontiers in Aging Neuroscience | www.frontiersin.org

December 2021 | Volume 13 | Article 790626


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Zeng et al.

FVH in Cerebrovascular Disease

and an occlusion of the internal carotid artery (ICA).

FIGURE 1 | Fluid-attenuated inversion recovery (FLAIR) vascular hyperintensity (FVH) detected in a 73-year-old male patient with acute stroke. Proximal FVH in the
Sylvian fissure [(A), arrow] and distal FVH [(B), arrow] in the right temporal lobe were detected in FLAIR images. Diffusion-weighted imaging (DWI) (C) shows acute
ischemic infarction in the territory of the right middle cerebral artery (MCA). A time-of-flight magnetic resonance imaging (MRI) sequence (D) shows the right MCA

FVH is associated with the time interval between stroke onset
and MRI scanning. FVH can be a temporary phenomenon that
commonly disappears within the first 24-36 h after stroke onset.
FVH is recognized as a marker of slow blood flow induced
by severe stenosis or occlusion of vessels. A previous study
(Liu et al., 2011) suggested that there was a significant positive
correlation between the intensity of FVH and the degree of
stenosis of the M1 segment.

EVALUATION METHODS

Several approaches have been proposed for investigating the
extent of FVHs. Lee et al. (2009) graded distal FVHs as absent,
subtle, and prominent. Subtle FVH was defined as FVH present
over less than one third of the perfusion lesion, whereas
prominent FVH was defined as FVH present over more than
one third of the perfusion lesion. Olindo et al. (2012) reported

a scoring system based on a rostrocaudal extension of FVH. They
analyzed horizontal FLAIR images from the first appearance of
the M1 segment of the MCA to the 10th image. On each slice,
absence of FVH scored 0 points, whereas if one or more FVHs
were recognized this scored 1 point. The resulting FVH scores
thus ranged from 0 to 10 after 10 images were analyzed.

The Alberta stroke program early computerized tomography
score (ASPECTS) was a widely used method for assessing
computerized tomography scans in patients with acute ischemic
stroke (Barber et al., 2000). The scores on ASPECTS for seven
cortical areas (insula and M1-M6) were used to assign FVH
scores according to the spatial distribution of MCA. The insula
and M1-M3 were defined as corresponding to the level of the
basal ganglia, and M4-M6 were defined as corresponding to the
level of the ventricles immediately above the basal ganglia, as
follows: M1, anterior cortex of MCA; M2, lateral cortex of MCA;
M3, posterior cerebral cortex of MCA; and M4, M5, and M6,
the anterior, lateral, and posterior MCA territories immediately
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FIGURE 2 | MRI and digital subtraction angiography (DSA) images obtained 3 h after stroke onset in a 53-year-old male. FVHs were observed at the left
temporooccipital junction (A). DWI shows acute infarction in the territory of the left MCA (B). FVHs located beyond the DWI lesions, indicating an FVH-DWI
mismatch. Magnetic resonance angiography (MRA) (C) shows near-occlusion of the left MCA and ICA. A DSA image obtained soon afterward demonstrates
stenosis of the left common carotid artery and occlusion of the ICA (D). Angiograms of the right common carotid artery in anteroposterior view in the early arterial
phase (E) and late arterial phase (F) show good retrograde filling of the leptomeningeal collateral circulation in the left hemisphere.

superior to M1, M2, and M3, respectively. The FVH score on
ASPECTS, which is based on the number of territories that
are positive for FVH, is more widely accepted and applied in
clinical practice.

CLINICAL APPLICATIONS

Prediction of Arterial Stenosis or
Occlusion

FLAIR vascular hyperintensities are most frequently identified
in patients with persistent large-vessel stenosis or occlusion
and acute ischemic stroke. FVH has demonstrated excellent
diagnostic performance for the identification of large-vessel
occlusion, especially in MCA and ICA. Many studies have
assessed the accuracy of FVH for the confirmation and location
of a large-vessel occlusion. They reported that FVH had
excellent sensitivity (76-98%) and specificity (69.8-86%) for the
identification of a large-vessel occlusion (Shin et al., 2020). In
some FVH positive patients without large-vessel occlusion, atrial
fibrillation was thought be an important factor. As for some FVH
false negative patients, it is believed that these patients often

have good collateral circulation and do not have slow blood flow
conditions to form FVH signs.

FLAIR vascular hyperintensities frequently appear in patients
with acute ischemic stroke and can, in fact, also be seen in
TIA patients. Yoshioka et al. (2013) performed a retrospective
analysis of TIA patients and analyzed the relationship between
distal hyperintense vessels, severe large-artery stenosis or
occlusion, and clinical presentation. They found that FVH was
independently associated with severe large-artery stenosis or
occlusion in TIA patients. FVH can be regarded as a marker of
large-vessel occlusion, which is known to increase the short-term
risk of stroke. The presence of FVH on initial FLAIR MRI may
be a clue to the presence of persistent large-vessel stenosis or
occlusion and the possibility of subsequent stroke. This sign is
important, especially when MRA is unavailable to document the
presence or absence of large-vessel stenosis or occlusion.

Collaterals

The collateral vessels can maximize the odds of survival of a
high volume of brain tissue by sustaining the ischemic penumbra.
Most patients with acute stroke who have robust collaterals
usually have better clinical outcomes. FVH in collaterals could
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serve as good evidence of hemodynamic impairment in patients
with cerebral infarction and TIA. Liu et al. (2011) investigated
the relationship between the location of FVH and the pattern
of collateral flow by comparing findings on FLAIR images
with those obtained by digital subtraction angiography. The
results demonstrated that the location of FVH is an indicator
of the pattern of collateral flow: FVH located within the
Sylvian fissure mainly indicates antegrade collateral flow across
the residual M1 segment; FVH present in the cerebral sulci
at the temporooccipital junction usually represents retrograde
leptomeningeal collateral flow from the anterior cerebral artery
to the MCA; and FVH expanding to the cerebral sulci of the
frontal and parietal lobes represents retrograde leptomeningeal
collateral flow via the posterior cerebral artery to the MCA.
FVH is a non-invasive indicator of both perfusion defects and
collateral flow and has been evaluated in many studies of ischemic
stroke. Some studies found that FVH represents insufficient
collateralization and is associated with poor functional outcomes.
However, other studies have reported that FVH is indicative of
sufficient collateralization and has good prognostic value.

Perfusion Abnormalities and FLAIR
Vascular
Hyperintensity-Diffusion-Weighted

Imaging Mismatch

FLAIR vascular hyperintensities are common in patients with
acute ischemic stroke and represent marked hemodynamic
impairment and slow retrograde flow in the ischemic territory
due to intracranial stenoocclusive disease. The presence of FVH
in acute ischemic stroke may indicate cerebral hypoperfusion.
The FVH sign is associated with larger lesion volumes on
perfusion-weighted imaging (PWI) and mismatches between
PWI and DWI volumes in acute stroke. Prominent or extended
FVHs indicate large areas of salvageable tissue and greater
potential benefits from recanalization. Patients in an FVH-
positive group exhibited more severe hemodynamic impairment
than those in an FVH-negative group (Gawlitza et al., 2014).
A quantitative analysis of the perfusion parameters also revealed
that perfusion was more severely compromised and widely
disturbed in an FVH-positive group (Nomura et al., 2020).

The FVH score has been strongly associated with the area of
hypoperfusion and the extent of prolongation of mean transit
time, which suggests that the presence of FVH is representative
of impaired cerebrovascular autoregulation. FVH can even
sometimes be observed during the hyperacute phase of ischemic
stroke. A previous study showed that patients with lower FVH
scores were more likely to have smaller penumbras on computed
tomography perfusion imaging and larger infarct volumes. The
presence of FVH may be especially important in instances
where MRA or perfusion imaging is not available or images are
degraded by artifacts.

An FVH-DWI mismatch is considered to be present when
FVH extends beyond the boundaries of the DWTI cortical lesion
(Figure 2). Legrand et al. (2015) reported that an FVH-DWI
mismatch predicted the presence of a PWI-DWI mismatch with
a sensitivity of 92% and a specificity of 64%. A PWI-DWI

mismatch is thought to represent the ischemic penumbra or
ischemia without permanent cellular damage. An FVH-DWI
mismatch was associated with a smaller initial infarct and greater
infarct growth after thrombolysis, even though the final infarcts
remained smaller. Jiang et al. (2020a) also reported that an FVH-
DWI mismatch group had smaller DWI volumes on admission
and on follow-up but lower DWI volume growth than a group
with no FVH-DWI mismatch.

Whether an FVH-DWI mismatch is a primary indicator
of clinical outcomes in acute ischemic stroke is controversial.
Jiang et al. (2020b) assessed the association between FVH-DWI
mismatch and functional outcomes in patients with acute stroke
receiving endovascular therapy. Patients with an FVH-DWI
mismatch had higher FVH scores, smaller DWI volumes, and
better functional outcomes than patients without an FVH-DWI
mismatch. Wang et al. (2020) found that FVH-DWI mismatch
was positively correlated with and independently associated with
complete revascularization. They found that a group with good
functional outcomes had higher FVH scores, higher FVH-DWI
mismatch ratios, and higher complete revascularization ratios
than a group with poor functional outcomes.

FLAIR vascular hyperintensity located beyond the boundaries
of the DWI lesion reflects impaired yet viable tissue. This tissue
recovers its function when recanalization is achieved, which
explains why patients with an FVH-DWI mismatch are more
likely to have favorable outcomes. PWI-DWI mismatch has
been proposed for use in selecting patients with acute stroke
for recanalization therapy. FVH-DWI mismatch provides an
alternative to PWI-DWI mismatch for selecting patients as
candidates for thrombectomy. FVH-DWI mismatch may rapidly
identify patients with proximal occlusion who are most likely to
benefit from recanalization (Legrand et al., 2016). It may also
provide an alternative to PWI-DWI mismatch for identifying
candidates for endovascular therapy (Legrand et al., 2019). FVH
appearing in the early phase is associated with large-vessel
occlusion, a higher National Institutes of Health Stroke Scale
(NIHSS) score at admission, and a larger infarct core volume.
Over time, FVH represents collateral blood supply to the arterial
occlusion, saving more tissue in the ischemic penumbra, and
improving the clinical prognosis.

FLAIR Vascular Hyperintensity in

Transient Ischemic Attack Patients

Transient ischemic attack is characterized by sudden focal
brain dysfunction lasting less than 24 h, which is linked to
cerebral or optic ischemia. Patients presenting with transient
neurological symptoms have an increased risk of a subsequent
stroke. Therefore, the clinical importance of early diagnosis
and treatment of TIA should be emphasized to prevent the
development of stroke. According to previous studies, the
incidence of FVHs in TIA patients was markedly lower than in
acute ischemic stroke and varied remarkably from 16 to 39.6%
(Dong et al.,, 2017; Nam et al., 2018). Because some FVHs in TIA
patients were proved to be transient and were correlated with
symptom resolution, the prior reports may have underestimated
the frequency of FVHs. Ding et al. (2020) reported that FVH was
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ipsilateral MCA and ICA.

FIGURE 3 | MRI images obtained 6 h after the appearance of the initial symptoms in a 68-year-old male patient with transient ischemic attack. A FLAIR image (A)
shows FVH in the territory of the left MCA (arrow). There were no abnormalities on DWI (B). Three-dimensional time-of-flight MRA (C) shows occlusion of the

observed in up to 81.6% (31/38) of hospitalized TIA patients,
who had severe stenosis or occlusions. On the another hand, they
found that there was no significant difference in the degree of
stenosis between FVH-negative and FVH-positive groups, which
means that the severity of arterial stenosis did not predict the
presence and extent of FVH.

FLAIR vascular hyperintensity has not been fully evaluated in
patients with TIA in contrast to ischemic stroke. Two factors -
arterial occlusion or stenosis and atrial fibrillation — have been
reported to have significant and independent associations with
FVH (de Figueiredo et al., 2017). It has been widely accepted
that FVH is associated with the presence of significant large-
artery stenosis or occlusion, which is an independent risk factor
and has a high predictive value for stroke after TIA. FVH is
associated with recurrent ischemic stroke events in patients with

lesion-negative TIA (Nam et al, 2018). Atrial fibrillation has
been specifically associated with transient FVH, and arterial
occlusion or stenosis has been associated with persistent FVH.
Kobayashi et al. (2013) reported that atrial fibrillation was more
common than arterial occlusive lesions in FVH-positive patients.
Transient FVH could be caused by early recanalization of emboli
in patients with TTA.

FLAIR vascular hyperintensity can predict an oncoming acute
ischemic stroke in the 30 days following a TIA (Dong et al,
2017). The occurrence of FVH in patients with TIA may be
associated with subsequent ischemic stroke in the corresponding
vascular territory. Predicting recurrent ischemic stroke after
TIA is important in order to consider adequate strategies for
managing patients with TIA. Persistent FVH has been associated
with a mechanism of arterial occlusion and an increased risk
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of recurrent TIA and ischemic stroke (Figure 3). In contrast,
transient FVH together with normal MRA findings has been
linked to a mechanism of paroxysmal atrial fibrillation but not
associated with an increased risk of stroke (Kobayashi et al,
2013). FVH may be of clinical significance in predicting ischemic
stroke in a TIA setting, especially when MRA is unavailable.

Association With Functional Outcomes

Many studies have focused on the association between FVHs
and clinical outcomes in patients with ischemic stroke. However,
the prognostic value of FVH findings is unclear. Some studies
demonstrated that the presence of FVHs was associated with
severe clinical impairments and poor functional outcomes, (Girot
et al.,, 2007; Kufner et al., 2015; Dong et al., 2017; Nam et al,,
2017; Zhu et al., 2020; Wang et al., 2021) whereas other studies
indicated that FVHs were correlated with good collateral flow and
favorable outcomes (Pérez et al., 2012; Dong and Nao, 2019; Yuan
etal., 2019; Aoki et al.,, 2020; Jiang et al., 2020b; Wang et al., 2020;
Zhou et al., 2020b; Derraz et al., 2021). In addition, some other
studies proposed that FVH has different clinical significance
under different conditions regarding prognostic meaning other

than information regarding arterial occlusion (Kim et al., 2016,
2019; Liu et al.,, 2016; Sakuta et al., 2016; Li et al., 2018, 2021;
Jiang et al., 2019; Shang et al., 2019; Zhou et al., 2020a). Studies
with prediction of FVH for functional outcomes are summarized
in Tables 1-3. Li et al. (2021) reported that high FVH scores
in patients with acute stroke and occlusion or severe stenosis
of the MCA tended to indicate severe clinical impairments and
poor clinical outcomes, but subgroup analysis showed that high
FVH scores represented favorable clinical outcomes in patients
with occlusion of the MCA. The results indicated that the clinical
significance of FVH differed between patients with severe stenosis
of the MCA and patients with occlusion of the MCA.

FLAIR vascular hyperintensity has been recognized as a
marker of collateral flow in ischemic stroke, but its relationship
with outcomes is still controversial. There is little consensus
on the interpretation of prognostic information from FVH
studies, which should adopt an accepted standard as a prognostic
assessment tool. In previous studies, the populations with stroke
that were included were heterogeneous, especially in terms
of the time to the initial MRI scan from symptom onset,
and patients with proximal and distal FVHs were considered

TABLE 1 | Studies with prediction of FVH for favorable functional outcome.

Author/Year No. of patients Mean Age (year) (range) Standard for favorable functional Onset to imaging
outcome
Derraz et al. (2021) 85 92.4 90-day mRS <3 90-day mRS 0-3 group: 180 min
90-day mRS 4-6 group: 219 min
Wang et al. (2020) 72 69.69 (40-82) 3 months MRS score <2 Within 6 h
Jiang et al. (2020b) 59 FVH/DWI mismatch: 64.20 + 14.97 3 months MRS score <2 Within 6 h
No FVH/DWI mismatch: 71.28 + 11.10
Aoki et al. (2020) 72 76 (66-83) Presence or absence of recanalization FVH(—) group: 9.0 h
assessed by MRA or DSA FVH(+) group: 2.6 h
Zhou et al. (2020b) 293 NA 90-day mRS <1 <4.5h
Yuan et al. (2019) 68 Favorable: 61 (57.5-70.25) 3 months MRS <2 Favorable group: 66 h
Unfavorable: 60 (50.25-64.25) Unfavorable group: 53.8 h
Dong and Nao (2019) 160 64.01 + 11.81 90-day mRS <2 24.72 +16.24 h
Pérez et al. (2012) 70 66 Ischemia progression Absent/Subtle/Prominent of FVH:

300/280/290 min

FVH, FLAIR vascular hyperintensity; mRS, modified Rankin Scoring; NA, not available.

TABLE 2 | Studies with prediction of FVH for unfavorable functional outcome.

Author/Year No. of Mean Age (year) Standard for favorable functional Onset to imaging Notes
patients  (range) outcome

Nam et al. (2017), Wang etal. 203 63.3 +10.2 mRS at discharge <2 NA FVH after therapy

(2021)

Girot et al. (2007), Zhu et al. 267 66.06 + 11.76 90-day mRS <2 44,44 +16.48 h

(2020)

Dong et al. (2017), Wang et al. 154 63.0+11.9 30-day follow-up acute ischemic stroke ~ Within 72 h

(2021)

Nam et al. (2017), Zhu et al. 325 69 Early neurological deterioration Within 24 h Distal FVH

(2020)

Kufner et al. (2015), Dong et al. 62 71.4 +13.9 3 months mRS <2 Visible FHV on <4 Sections: 88.5 min

(2017) Visible FHV on >4 Sections: 93.5 min

Girot et al. (2007); Kufner et al. 30 64 (35-92) 1 month mRS <2 Within 12 h Distal FVH

(2015)

FVH, FLAIR vascular hyperintensity; mRS, modified Rankin Scoring; NA, not available.
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TABLE 3 | Studies with prediction of FVH for uncertain functional outcome.

Author/Year No. of patients Mean Age (year) (range)

Conclusion

Lietal. (2021) 282 66.66 + 11.29

In patients with proximal MCA occlusion or stenosis >70%, a high FVH score represented

severe clinical impairment and poor clinical outcomes
In acute ischemic stroke patients with proximal MCA occlusion, a high FVH score
represented favorable clinical outcomes

Zhou et al. (2020a) 3,577 NA

FVHs were not associated with functional outcome overall, but were significantly associated

with better outcome in those receiving endovascular therapy

Jiang et al. (2019) 37 69.41 + 12.51

The good functional outcome group had a higher FVH1 (before therapy) score and a lower

FVH2 (after therapy) score than the poor functional outcome group

Shang et al. (2019) 459 NA

FVH is associated with unfavorable outcome within 6 h to 14 days of onset, while the wider

distribution of distal FLAIR vascular hyperintensity may be favorable beyond 14 days of
onset in MCA infarction

Kim et al. (2019) 12 67 (54-79)

For acute stroke patients who do not receive reperfusion therapy, prominent FVH may be

independent predictors of an unfavorable outcome
In the reperfusion therapy group, there was no association between prominent FVH and the
clinical outcome

Liet al. (2018) 38 62.52 + 13.61

FVH score showed no correlation with 90-day functional clinical outcome and was not

sufficient as an independent predictor of short-term clinical outcome

Kim et al. (2016) 87 FVH(—): 70 (61.7-77.0)

FVH(+): 71.5 (58.0-76.0)

Liu et al. (2016) 101 66.2+17.8

FVH are associated with relatively severe clinical presentation and non-favorable prognosis
in patients with cortical borderzone infarcts, but not in patients with internal borderzone
infarcts

Higher FVH-ASPECTS measured outside the DWI lesion is associated with good clinical

outcomes
FVH-ASPECTS measured inside the DWI lesion was predictive of hemorrhagic
transformation

Sakuta et al. (2016) 118 76+ 9.7

Decrease of FVH after t-PA therapy predicts good outcome in patients receiving

FVH, FLAIR vascular hyperintensity; MCA, middle cerebral artery; ASPECTS, alberta stroke program early computerized tomography score; NA, not available.

together, which potentially confounded tests for significance.
Furthermore, studies used different prognostic assessment
criteria, including the NIHSS score, Modified Rankin Scale score,
and infarct volume on DWL

The association between FVH and functional outcomes varies
with time. Shang et al. (2019) reported that the symptom-to-
imaging time might be an important factor when assessing the
prognostic value of FVH. FVH is associated with unfavorable
outcomes within 6 h to 14 days after onset, whereas a wider
distribution of distal FVH may be favorable beyond 14 days
after onset in infarction of the MCA. In the majority of studies
that showed an association between FVH and good outcomes
(Aoki et al.,, 2020; Jiang et al., 2020b; Wang et al., 2020; Zhou
et al., 2020b; Derraz et al.,, 2021) the symptom-to-imaging time
was less than 6 h. In contrast, in most of the studies that
demonstrated an association between FVH and poor outcomes
(Kim etal., 2016; Dong et al., 2017; Zhu et al., 2020) the symptom-
to-imaging time was 12-24 h or longer. FVH might be an
imaging marker of leptomeningeal collateral flow within 6 h
of symptom onset or within the time window for reperfusion
therapy. The extent of FVH may represent the volume of
brain parenchyma at risk of ischemia, which could be saved by
reperfusion therapy to reduce the final lesion size and improve
functional outcomes. This may be the explanation why within
this time interval patients with FVH may have better clinical
outcomes than patients without FVH. On the other hand, when
FVH occurs beyond the time window for reperfusion therapy, the
presence of FVH may represent persistent occlusion of a vessel
and impaired hemodynamics. Consequently, patients with FVH

could be affected more by hemodynamic instability than patients
without FVH. This difference might be associated with severe
clinical impairments and unfavorable outcomes in patients with
FVH during this time interval.

Liu et al. (2016) reported that the pattern of FVHs can
serve as an imaging marker for the selection of endovascular
therapy in acute occlusion of the MCA. A higher FVH-ASPECTS
measured outside the DWI lesion is associated with good
clinical outcomes in patients undergoing endovascular therapy,
whereas the FVH-ASPECTS measured inside the DWI lesion is
predictive of hemorrhagic transformation. It is noteworthy that
the prognostic meanings of FVH before and after therapy are
different. Jiang et al. (2019) assessed the relationship between
functional outcomes and FVH before and after therapy and found
that a group with good functional outcomes had higher FVH
scores before therapy and lower FVH scores after therapy than
a group with poor functional outcomes. FVHs before and after
therapy were independently associated with functional outcomes.
A high FVH score before therapy is regarded as a marker of good
collateral status (Mahdjoub et al., 2018). However, the persistence
of FVH after therapy is associated with persistent occlusion of a
vessel and a poor functional outcome.

SUMMARY

Although the mechanism underlying FVH remains to be
established, this phenomenon is associated with retrograde
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collateral blood flow and impaired hemodynamics in the
ischemic territory due to intracranial stenoocclusive disease.
FVH can be detected in acute infarction and chronic large-
vessel occlusion. It is worth noting that FVH occurs in
patients with TIA and might be correlated with clinical
conditions such as atrial fibrillation and not only with large-
vessel occlusion. However, it is still controversial whether
FVH may serve as an imaging marker of hemodynamic
impairment or good collateral status and may predict patients’
prognosis. Many factors should be considered when assessing
the prognostic value of FVH, especially for symptom-to-
imaging time and differences between before and after
treatment. FVH may be an important neuroimaging marker,
and radiologists and clinicians should be trained to look
for its presence.
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Gut Microbiota Alteration Is
Associated With Cognitive Deficits in
Genetically Diabetic (Db/db) Mice
During Aging

Jiawei Zhangt, Yaxuan Zhangt, Yuan Yuan, Lan Liu, Yuwu Zhao* and Xiuzhe Wang*

Department of Neurology, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai, China

Recent studies have revealed that the microbiota may be implicated in diabetes-
related cognitive dysfunction. However, the relationship between gut microbiota and
cognitive dysfunction during the progression of type 2 diabetes remains elusive.
We used 16S rRNA sequencing combined with conventional behavioral tests to
explore the longitudinal changes of gut microbiota and cognition in diabetic db/db
mice (leptin receptor knockout mice) and their wild-type littermates at different ages.
Prussian blue staining was performed to detect the micronemorrhage in the brain,
and immunofluorescent study was applied to analyze microglia activation. Moreover, a
Meso Scale Discovery kit was used to determine the cytokine levels in the brain. Db/db
mice exhibited age dependent pathological characteristics, including cognitive deficits,
neuron damage, spontaneous hemorrhages and neuroinflammation. Furthermore, we
observed that the diversity and composition of gut microbiota significantly differed
between the wild-type and db/db mice during aging. We found that compared to
age-matched wild-type mice, genus Helicobacter was significant higher in db/db mice
at 18 and 26 weeks. Correlation analysis revealed that Helicobacter is positively
associated with Iba-1 positive cells and TNF-a expression. Collectively, our longitudinal
study suggests that diabetic cognitive impairment during aging is associated with
abnormal gut microbiota composition, which may play a role in the regulation
of neuroinflammation.

Keywords: type 2 diabetes, cognitive dysfunction, gut microbiota, neuroinflammation, aging

INTRODUCTION

Type 2 diabetes (T2DM) is a chronic metabolic disorder and its prevalence is on the rise throughout
the world. It causes serious complications in various organs, including the central nervous system
(Zhao et al., 2019). Numerous studies have reported that diabetic patients have a high risk of
developing cognitive impairment which is also termed as “diabetes-related cognitive dysfunction”
(Umegaki, 2018; Liu et al., 2020; van Sloten et al., 2020). Diabetes-related cognitive dysfunction
is manifested as decreased learning and memory, weakened executive ability, and emotional
disturbance. Considering the prevalence of T2DM, diabetes-related cognitive dysfunction will
inevitably bring arduous challenges and an immeasurable economic burden to social public health.
Nevertheless, the knowledge on diabetes-related cognitive dysfunction is still insufficient, and
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available treatments for this complication are currently not
effective enough. Therefore, it is imperative to explore the
underlying pathogenesis of cognitive dysfunction caused by
diabetes, and new strategies to delay or reduce the occurrence of
the disease are needed.

As a metabolic disease, T2DM coexists with chronic
inflammation, which has been considered as a key factor that
contributed to the development of neurodegenerative diseases
(Sankar et al., 2020). Studies have shown that neuroinflammation
caused by persistent over-activation of microglia is implicated
in the pathophysiology of cognitive impairment (Jackson et al.,
2020). Activated microglia can release a variety of neurotoxic pro-
inflammatory factors including Interleukin 6 (IL-6) and tumor
necrosis factor a (TNF-a), which further activates microglia to
aggravate neuroinflammation. The etiology of diabetes-related
cognitive dysfunction may be multi-factorial. Recent studies have
revealed that patients with T2DM and control subjects differed in
gut microbiota composition (Karlsson et al., 2013; Bakir-Gungor
et al,, 2021). Microbiota homeostasis is not only essential for the
maintenance of gut health, but also affects central nervous system
by regulating the release of neurotransmitters and inflammatory
factors (Collins et al., 2012). A number of studies have shown
that gut microbiota composition and diversity of Alzheimer’s
disease patients were different from those of healthy controls
(Cattaneo et al.,, 2017; Sun et al., 2020). However, there are
no relevant reports on how the gut microbiota changes with
the progression of T2DM and whether it is related to diabetic
cognitive dysfunction.

Given the potential role of gut microbiota in diabetes-related
cognitive dysfunction, we undertook a comprehensive study to
investigate the longitudinal changes of gut microbiota in db/db
mice, a typical T2DM rodent model, using 16S ribosomal RNA
sequencing combined with conventional behavioral tests and
pathological analysis.

MATERIALS AND METHODS

Animals

Male db/db (BKS-Lepr®™2¢447%/Gpt) and age-matched WT
(wild-type) (C57BLKS/JGpt) mice were purchased from Jiangsu
GemPharmatech Biotechnology Co., Ltd. (Jiangsu, China) and
housed in a specific pathogen-free animal center under controlled
temperature (20-25°C) and light (12 h light/12 h dark)
conditions, with water and food available ad libitum until 6, 18,
and 26 weeks of age. Body weight and fasting blood glucose
level was measured at the end of the experiment. All procedures
were performed in accordance with the principles outlined in the
National Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals. The study was approved by the ethical
committee on animal welfare of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital.

Morris Water Maze Test

The Morris Water Maze (MWM) test was performed to measure
the spatial learning and memory as we described previously
(Zhang J. et al., 2021). The utilized maze consisted of a circular

pool (height 50 c¢m, diameter 120 cm), divided into four
quadrants, filled up to a depth of 30 cm with tepid water
(25 £ 1°C). A submerged escape platform (10 cm in diameter)
1 cm below the water surface was used for training. The maze was
surrounded by curtains with visual cues of four different shapes
and sizes placed in the four quadrants. Hidden platform task
consisted of four trials per day on 5 consecutive days. Mice were
allowed to swim for a maximum trial duration of 60 s and with
10 s on the platform at the end of the trials. During each trial, the
latency required to reach the platform was measured as the escape
latency. The platform was withdrawn at the sixth day of training
for probe trial. The mice were released from the 4th quadrant
which is opposite to the target quadrant and allowed to navigate
freely for 60 s. During the probe trial, the number of times across
the retracted platform, the percentage of time spent in the target
quadrant and the average swimming speed were recorded.

Novel Object Recognition Test

The NOR test was performed as described previously with
slight modifications (Wang et al, 2020). In brief, on the
first day, mice were habituated to experimental apparatus
(40 cm x 40 cm x 50 cm) in the absence of objects for 5 min.
On the second day, in the training phase, mice were exposed
to two identical cubes which were fixed 9 cm from the wall for
5 min. A short-term memory test was performed 1 h later, mice
were allowed to explore the apparatus for 5 min in the presence
of the familiar cube and the novel triangular object. On the third
day, to examine long-term memory, mice were allowed to explore
the apparatus for 5 min in the presence of the familiar cube and
the novel cylinder. In each phase, the amount of time mice spent
exploring each object was recorded and the discrimination index
was calculated as [(time with novel object — time with familiar
object)/(time with novel object + time with familiar object)].

Nissl Staining

After behavioral experiments, mice were transcardially perfused
with 0.9% saline followed by 4% paraformaldehyde. And then
the brains were embedding in paraffin and sectioned into 8-
pwm thick slices by a microtome for further staining. Briefly,
the brain sections were deparaffinized, gradually rehydrated in
graded concentrations of ethanol, and treated with conventional
Nissl staining solution and the images were obtained using an
optical microscope (x 100 and x 400).

Prussian Blue Staining

The Prussian blue staining followed the procedures described
previously (Villarreal et al., 2017). In short, slides were washed
in distilled water and then immersed in a working solution
of Prussian blue (5% hydrochloric acid and 5% potassium
ferrocyanide). Slides were rinsed with distilled water and then
counterstained for 5 min using Nuclear Fast Red. A final series
of distilled water washes were performed before dehydration and
being coverslipped. Then, the Prussian blue staining images were
obtained using an optical microscope (x 40 and x 400).
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Immunofluorescence Staining

Paraffin sections were deparaffinized, rehydrated, and subjected
to heat-induced antigen retrieval using a microwave, then rinsed
in distilled water. The sections were blocked in 3% bovine
serum albumin (BSA, Servicebio) for 30 min, and then incubated
in anti-Iba-1 primary antibody (1:500, mouse, servicebio) at
4°C overnight. On the second day, the sections were then
rinsed in 0.01-M PBS (pH 7.4) and incubated with an anti-
mouse HRP-conjugated secondary antibody for 1 h at room
temperature. Finally, Immunoreactivity was visualized using
diaminobenzidine tetrahydrochloride (DAB), and the sections
were stained with hematoxylin and mounted. The localization
and distribution of immunoreactive positive cells in the brain
were observed using a microscope (x 40 and x 400, IX53,
Olympus, Tokyo, Japan).

Meso Scale Discovery for Inflammatory

Cytokines

The Meso Scale Discovery kit (MSD, Meso Scale Diagnostics,
Rockville, MD, United States) was used for cytokine detection
following the manufacturer’ instructions. Briefly, the whole brain
was lysed and protein supernatants were quantified using a
BCA kit. Fifty microliter of sample and standard were added
in antibody-coated 96-well plates for incubation followed by
washing three times with PBST. And then 25 pl of the prepared
detection antibody was added to each well and the plates were
sealed with parafilm and shaked at room temperature for 2 h.
After washing three times with PBST, 150 pl of reading buffer
was added in the plates. Cytokine levels were determined using a
MESOTM QuickPlex SQ 120 (Meso Scale Diagnostics, Rockville,
MD, United States).

16S rRNA Gene Sequencing of Fecal

Samples

DNA from fecal samples was extracted using the E.Z.N.A.®
Stool DNA Kit (D4015, Omega, Inc., United States) according to
manufacturer’s instructions. The V3-V4 region of the prokaryotic
(bacterial and archaeal) small-subunit (16S) rRNA gene was
amplified with universal primers 341F and 805R. The 5" ends of
the primers were tagged with specific barcodes per sample and
sequencing universal primers. The PCR products were purified
by AMPure XT beads (Beckman Coulter Genomics, Danvers,
MA, United States) and quantified by Qubit (Invitrogen,
United States). The amplicon pools were prepared for sequencing
and the size and quantity of the amplicon library were assessed
on Agilent 2100 Bioanalyzer (Agilent, United States) and with
the Library Quantification Kit for Illumina (Kapa Biosciences,
Woburn, MA, United States), respectively. The libraries were
sequenced on NovaSeq PE250 platform.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA). The data were presented
as mean = standard error of the mean (SEM). Differences
between groups were performed using one-way analysis of
variance (ANOVA) followed by a false discovery rate (FDR)

correction for multiple comparisons. Correlation analysis was
conducted using Spearman rank correlation analysis. For the
hidden-platform training of the Morris water maze test, the
escape latency was analyzed by two-way repeated-measures
ANOVA followed by Tukey’s post hoc test. Statistical significance
was set at p < 0.05.

RESULTS

Learning and Memory Performance Was
Impaired in Db/db Mice

Consistent with previous studies, the db/db mice in our study
developed T2DM with age. Compared with age-matched WT
mice, db/db mice had a phenotype of increased blood glucose and
weight gain at 6 weeks, but the phenotype became more obvious
as time reached 18 weeks or even 26 weeks (Figures 1A-C). To
determine the effect of T2DM and age on cognitive function,
spatial learning and memory performance was assessed via
Morris water maze in 6, 18, and 26 weeks db/db and WT mice.
The results revealed that the latency to reach the platform of
WT mice was not statistically different acrossing the age, as
indicated by a non-significant difference in the latency from Ist
to 5th days at the age of 6, 18, and 26 weeks (Figure 1D). Db/db
mice showed an age-dependent decline in the learning capacity
indicated by a significant increase in the escape latency on the
4th and 5th days at the age of 18 and 26 weeks in comparison
to 6 weeks (Figure 1D). For the factor T2DM, no significant
difference was observed in 6-week-old WT and db/db mice.
However, a significant effect of T2DM was observed at the age
of 18 weeks, with db/db mice consistently taking longer time
to reach the platform than WT mice, especially on the 4th and
5th days. A similar performance was observed in 26-week-old
db/db mice as compared to age-matched WT mice (Figure 1D).
To evaluate memory preservation, mice were subjected to a
probe trial 24 h after the last training session. The number of
times across the retracted platform and the percentage of time
spent in the target quadrant were taken as an index of mice’s
memory capacity. The analysis revealed that 18- and 26-week-old
db/db mice showed difficulties remembering where the platform
was originally placed and spent significantly shorter time in
the target quadrant when compared to the rest of the groups
(Figures 1E,F), supporting the cognitive impairment observed
during the training phase.

We also routinely assessed the motor function of the mice
and found that the swimming speed of the db/db mice at 18 and
26 weeks was significantly slower than that of the other groups
(Figure 1G). To ensure that the cognitive dysfunction observed
in the MWM were not attributed to the limitation in locomotor
activity, NOR, a test less affected by motor ability, was used to
further evaluate the cognitive impairment in mice. The analysis
revealed that the discrimination index of WT and db/db mice
at the age of 6 weeks was no statistically significant difference.
At the age of 18 and 26 weeks, WT mice performed normally
as shown by a significantly higher discrimination index for the
novel object compared to the familiar object, while no significant
difference discrimination index was found for the age-matched
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FIGURE 1 | Learning and memory performance was impaired in do/db mice. (A) Schematic diagram of the experimental procedure. (B) Body weight at different
ages. (C) Blood glucose at different ages. (D) The escape latency of mice in the training trials of the hidden platform task. (E) Frequency of platform crossing in the
probe trial. (F) Percentage of time spent in the target quadrant in the probe trial. (G) Swimming speed in the probe trial. (H) The experimental design of novel object
recognition test. (I) The discrimination index of 1 h test trials. (J) The discrimination index of 24 h test trials. (n = 8 per group); *P < 0.05; **P < 0.01; ***P < 0.001.

db/db mice (Figures 1H-J), indicating memory impairment of
these mice. Collectively, the results in the behavioral tests indicate
that learning and memory performance is impaired during the
progression of T2DM in db/db mice.

Brain Pathology Was Severe in Db/db

Mice

Subsequently, Nissl staining was performed to assess the
pathological morphology of neuronal cells in mouse brain. Nissl
body is an indicator that reflects the functional state of neurons.
When neurons are damaged, the Nissl bodies would decrease or

even disappear. We found that the neurons exhibited a normal
morphology with distinct nuclei and abundant Nissl bodies in
the cytoplasm in the WT mice of all ages (Figures 2A-C). On the
other hand, the neurons randomly showed nuclear condensation,
sparse Nissl bodies and abnormal staining at 18 and 26 weeks of
age in db/db mice (Figures 2A-C).

It is reported that microhemorrhage is a common pathological
feature of db/db mice. Therefore, Prussian blue staining was
used to further detect the microhemorrhage in the brain
tissue of each group of mice. The results revealed that only
negligible microhemorrhages could be detected in 6-week-old
db/db and WT mice. However, significant increase number
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FIGURE 2 | Nissl staining was used to analyze the pathological changes of neuronal cells in mice. (A,B) Representative Nissl| staining of neurons in the cortex at
different ages. Scale bar = 50 or 10 um. The red arrow points to the Nissl body. The yellow arrow points to damaged neurons. (C) Quantitative analysis of Nissl body

of microhemorrhages were observed in db/db mice at the
age of 18 and 26 weeks when compared to age-matched WT
mice (Figures 3A,B). Taken together, these results indicate that
the pathological changes of brain tissues aggravate during the
progression of T2DM in db/db mice.

Neuroinflammation Was Prominent in
Db/db Mice

To evaluate the role of neuroinflammation on T2DM-mediated
cognitive dysfunction and neuron injury, microglial activation
was assessed by quantifying Iba-1 immunoreactivity and the
production of pro-inflammatory cytokines, including IL-6 and
TNF-a. Analysis showed that Iba-1 positive cells in the
hippocampus and cortex were not significantly different between
db/db and WT mice at 6 weeks of age. At 18 and 26 weeks
of age, db/db mice displayed a significant increase of activated
microglia in both the hippocampus and cortex compared to the
age-matched WT mice (Figures 4A-C). We further evaluated

the expression of pro-inflammatory cytokines including IL-6
and TNF-a in the whole brain. Analysis by MSD revealed that
IL-6 and TNF-a expressions remained unaffected in both WT
and db/db mice at 6 weeks of age, whereas a dramatically
increase of IL-6 and TNF-a expressions were observed in 18-
week-old db/db mice compared with WT mice. At 26 weeks
of age, when compared with WT mice, the expression of TNEF-
a in db/db mice was significantly increased, and the trend
of IL-6 expression was consistent with TNF-a but without
significant statistical difference (Figures 4D,E). The results
demonstrate that T2DM could promote microglia activation
and subsequent production of pro-inflammatory cytokines in
db/db mice with age.

Alterations in Gut Microbiome

Composition in Db/db Mice
To delineate the influence of T2DM and age on the diversity
of gut microbiota, we use the UpSet plot, an advanced
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FIGURE 3 | Prussian blue staining was used to detect the microhemorrhage in mice. (A) Representative images of hemorrhages in the cortex. Scale bar = 500 or
20 pm. The red arrow points to the hemorrhages. (B) Quantitative analysis of hemorrhages. (n = 3 per group); ***P < 0.001.

Venn diagram, for the quantitative analysis of sets and their
intersections (Ballarini et al.,, 2020). The analysis showed that
the number of gut microbiota increased with age in both
WT and db/db mice, whereas WT mice increased significantly
compared with age-matched db/db mice. Intriguingly, the
intersection of db/db mice and age-matched WT mice decreased
with age (Figure 5A). To further determine the differences of
gut microbiota diversity, the alpha and beta diversities were
evaluated. The within-sample alpha diversity analysis showed a
significant decrease in gut microbial community evenness and
richness of 18- and 26-week-old db/db mice compared with
age-matched WT mice based on Chao 1, Observed-otus, and
Shannon indices. The alpha diversity showed a slight decrease in
db/db mice than in WT mice at 6 weeks of age, but the result was
not significant difference (Figures 5B-D). Principal coordinate
analysis (PCoA) based on unweighted Unifrac was used to
measure beta diversity and visualize the bacterial composition
dissimilarity among each group. The analysis showed that the
cluster for db/db mice was similar to WT mice at the age of
6 weeks. Nevertheless, the clusters for db/db mice were clear

separated from WT mice at 18 and 26 weeks of age (Figure 5E).
Overall, these results suggest that both T2DM and age have an
effect on the gut microbiota composition of db/db mice.

Differentially Represented Bacterial Taxa
in Db/db Mice

The analysis of the gut microbiota composition at the phylum
and genus levels showed specific differences between the WT
and db/db mice at different ages. Among the common bacterial
communities, Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, and Verrucomicrobia were the main five phyla
present in the gut microbiota of all groups (Figures 6A,B).
Many studies have shown that obesity and diabetes mellitus are
closely related to the ratio of Firmicutes to Bacteroidetes (Ley
et al., 2005; Grigor’eva, 2020; Hung et al., 2021). However, the
results revealed a slight increase of the Firmicutes/Bacteroidetes
ratio in db/db mice than in WT mice at each age, but without
significant difference (Figure 6C). In addition, no significant
differences were observed in microbiota composition between
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FIGURE 4 | Increased microgliosis and pro-inflammatory cytokines in db/db mice with age. (A) Representative immunofluorescent staining of Iba-1-positive
microglia in the cortex and hippocampus of mice. Scale bar = 200 or 20 wm. (B,C) Quantification of lba-1-staining positive cells within the cortex or the
hippocampus. (D,E) MSD was performed to detect the protein levels of IL-6 and TNF-a. (n = 3 per group); *P < 0.05; **P < 0.01.
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the 6-week-old db/db and WT mice at the phylum or genus
level (Figures 6, 7). Compared to age-matched WT mice,
the relative abundance of phylum Proteobacteria, phylum
Deferribacteres, and genus Helicobacter were significant higher
in db/db mice at 18 weeks, whereas the relative abundance of
genus Akkermansia and genus Barnesiella were significant lower

in db/db mice at 18 weeks (Figures 6D,F, 7B,E). Moreover,
compared to age-matched WT mice, the relative abundance
of phylum Epsilonbacteraeota, genus Helicobacter, and genus
Parabacteroides increased significantly in db/db mice at
26 weeks, whereas the relative abundance of genus Akkermansia,
genus Barnesiella, genus Bacteroidales-unclassified, and
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genus Prevotellaceae-UCG-001 decreased significantly in
db/db mice at 26 weeks (Figures 6E, 7B-G). The results
above collectively indicate that the abundance of several gut
bacteria differ significantly between the WT and db/db mice as
T2DM progresses.

Correlation Analysis of Mouse
Phenotypes and Gut Bacteria

Spearman correlation analysis was used to evaluate the significant
difference between mouse phenotypes and phylum/genus-level
gut bacteria. At the phylum level, the relative abundance of
Bacteroidetes was positively associated with crossing times and

Nissl staining positive cells while negatively correlated with
body weight, Iba-1 positive cells, and the expression of TNEF-
o (Figure 8A). Firmicutes was positively correlated with the
number of hemorrhage while negatively correlated with crossing
times (Figure 8A). The change in Epsilonbacteraeota levels
was positively associated with body weight, Iba-1 positive cells,
and the expression of TNF-a (Figure 8A). At the genus level,
correlation analysis revealed a positive association between
the relative abundance of Helicobacter and body weight, Iba-
1 positive cells, and the expression of TNF-a (Figure 8B).
Muribaculaceae-unclassified was negatively correlated with body
weight, blood glucose, Iba-1 positive cells, and the expression of
TNF-a (Figure 8B).
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DISCUSSION

Recent studies have shown possible links between gut microbiota
and T2DM-related cognitive dysfunction (Yu et al., 2019; Zhang
Y. et al., 2021). However, there is no report on the relationship
between gut microbiota and cognitive dysfunction during the
progression of T2DM. Therefore, we investigated the longitudinal
changes of gut microbiota and cognition in db/db mice from an
early age, using 16S ribosomal RNA sequencing combined with
conventional behavioral tests.

In the present study, we used db/db mice, a typical T2DM
mouse model, to characterize the natural progression of the
metabolic disorder and its effect on pathological changes of the
central nervous system, especially cognitive function. Similar to
previous reports, we observed that db/db mice exhibited obesity
and hyperglycemia phenotypes with age, indicating that a stable
T2DM phenotype was formed. It has been reported that aged
db/db mice have an increased risk of spontaneous hemorrhage
compared with mice without diabetes and are closely related to
cognitive deficits (Ramos-Rodriguez et al., 2013). Consistently,
our study also found that spontaneous hemorrhage became
more pronounced as diabetes progressed in db/db mice. The
above data are in accordance with clinical studies that prolonged
hyperglycemia is associated with microvascular complications
(Kruyt et al., 2010; Luitse et al, 2012). Evidence shows that
diabetes is closely related to cognitive dysfunction, and both
the level of hyperglycemia and the duration of diabetes are
associated with cognitive dysfunction (Rawlings et al., 2019).
Recent epidemiological studies have found that compared with
non-diabetic individuals, diabetic patients have an increased risk
of cognitive dysfunction and even dementia (Huang et al., 2014).
The MWM is widely used to assess spatial learning and memory.
Previous studies have reported that the cognitive function of
diabetic mice is impaired, and it worsens with the prolongation of
diabetes (Ramos-Rodriguez et al., 2013). Similar to the previous

study, our study found that the pre-diabetic mice (6 weeks of age)
performed well at the MWM, but when the db/db mice reached
18 weeks of age, obvious cognitive dysfunction appeared, showing
inferior learning and memory performance. Since the swimming
speed of db/db mice at 18 and 26 weeks was significantly slower
than that of the WT group, it may be considered that the
behavioral results were biased due to the high body weight of
these mice. However, the swimming speed of obese db/db mice at
6 weeks has already decreased, while spatial learning and memory
are almost unaffected, indicating the synergistic effect of diabetes
and age. NOR is a test less affected by motor ability (Ennaceur and
Delacour, 1988). We further applied NOR analysis and confirmed
the reliability of MWM, indicating that learning and memory
capacities decrease with the progression of T2DM.

Neuroinflammation, including activation of glial cells and
secretion of inflammatory cytokines, is increasingly recognized
as the underlying pathogenesis of diabetes-associated cognitive
dysfunction (Marioni et al., 2010; Dinel et al., 2011). Iba-1 is
widely used as a specific marker of microglia. In the present
study, we found that compared with WT mice, the number of
Iba-1-positive cells in db/db mice showed a significant increase
in the cortex and hippocampus as diabetes progressed, which
is in consistent with the previous work where they showed
that diabetes-induced cognitive dysfunction was accompanied
by microgliosis (Infante-Garcia et al., 2017). It has also been
reported that the levels of pro-inflammatory factors IL-6 and
TNF-a are significantly increased in both STZ-induced diabetic
rats and db/db mice (Miao et al, 2015; Lee and Yang, 2019).
Consistently, our study found that the levels of IL-6 and TNF-
a in db/db mice at 18 and 26 weeks were significantly higher than
those in age-matched WT mice.

The gut microbiota, composed of trillions of symbiotic
microorganisms, is essential for host’s health and survival (Fung
et al., 2017). In addition, microbial diversity usually increases
after birth, and microbial composition changes gradually during
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late childhood, adolescence, and adulthood (Odamaki et al., 2016;
Kundu et al,, 2017; Chen et al., 2020). We observed a trend
toward increased diversity and richness from 6 to 26 weeks
in both WT and db/db mice as indicated by the UpSet plot,
Chao 1, Observed-otus, and Shannon indices, suggesting aging is
an important factor affecting microbial composition. Moreover,
the gut microbiota has been implicated to play an important
role in regulating immunity and metabolism (Petra et al., 2015;
Ochoa-Reparaz and Kasper, 2016) and in the development of
obesity and T2DM (Ten Kulve et al,, 2015, 2016; Wijdeveld and
Nieuwdorp, 2020). It has been reported that short-chain fatty
acids derived from the metabolites of Akkermansia muciniphila
can bind to a few G protein-coupled receptors to activate
signaling pathways and participate in the regulation of blood
glucose levels (Zhai et al, 2019). Previous studies have also
shown that abnormal blood glucose levels were related to changes
in gut microbiota (Tilg and Moschen, 2014; Wen and Dulfty,
2017). The increase in blood glucose has been reported to
be accompanied with an decrease in the relative abundance
of Bacteroides acidifaciens, Butyricimonas virosa, Bacteroides
eggerthii, and Desulfovibrio oxamicus in the gut (Zheng et al.,
2021). From PCoA results, we found that the clusters of db/db
mice at 18 and 26 weeks were significantly separated from
the clusters of age-matched WT mice, indicating that the gut
composition changes as T2DM progresses. Furthermore, we
observed that the differences in bacterial taxa between the WT
and db/db mice increased with age, which coincides with the
progression of cognitive dysfunction and microglial activation in
db/db mice. Growing evidence reports that the gut microbiota
plays a preeminent role in the pathogenesis of central nervous
system diseases via the gut-brain axis (Mayer, 2011). Previous
study has demonstrated that the gut microbiota composition
and relative abundance were strongly associated with cognitive
dysfunction in STZ-induced diabetic mice (Yu et al., 2019). We
found that compared to age-matched WT mice, the relative
abundance of phylum Proteobacteria, phylum Deferribacteres,
and genus Helicobacter were significant higher in db/db mice at
18 weeks, whereas the relative abundance of genus Akkermansia
and genus Barnesiella were significant lower in db/db mice at
18 weeks. Akkermansia muciniphila, a mucin-degrading bacteria
that resides in the mucus layer, is considered as a promising
probiotic candidate (Collado et al., 2007). It is reported that the
abundance of Akkermansia inversely correlates with obesity and
T2DM in mice and humans (Derrien et al., 2004; Belzer and de
Vos, 2012; Everard et al., 2013). Recent studies have also shown
that Akkermansia treatment reduces hippocampal microgliosis
and proinflammatory cytokines by improving gut permeability,
ultimately alleviating cognitive dysfunction of high-fat diet-fed
mice (Yang et al., 2019). Altered Proteobacteria and Helicobacter
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Spinal muscular atrophy (SMA) is an inherited disorder characterized by degeneration of
motor neurons and symmetrical muscle weakness and atrophy. Moyamoya syndrome
(MMS) or moyamoya disease (MMD) is radiologically defined by chronic cerebrovascular
occlusion with abnormal vascular network formation in the skull base. We report herein
a 21-year-old female patient with limb weakness and muscular atrophy for 17 years.
Electromyography revealed extensive motor neuron damage. Cranial MRA showed
occlusion of bilateral anterior and middle cerebral arteries, with increased peripheral
blood vessels and collateral circulation. She was diagnosed as SMA type lllb combined
with MMS following genetic testing, in which homozygous deletion of exons 7 and 8 of
survival motor neuron (SMN)1 gene and 3 copies of exons 7 and 8 of SMN2 gene were
detected. After treatment, the patient’s symptoms improved. Our study found that the
rare SMA and MMS co-exist. We speculated that the moyamoya phenomenon may be
related to the abnormal regulation of intracranial vascular endothelial cells and smooth
muscle cells in proliferation and differentiation caused by functional defects of SMN
protein. The relationship between the two diseases needs to be further elucidated in
future clinical work.

Keywords: spinal muscular atrophy, SMN gene, SMN protein, moyamoya syndrome, moyamoya disease

INTRODUCTION

Spinal muscular atrophy (SMA) is a rare neuromuscular disease resulting from the deletion
or mutation of the survival motor neuron (SMN) 1 gene (Ross and Kwon, 2019). It has
a prevalence of about 1/6,000-1/11,000, carrying rate ~1/35-1/50 (Alias et al., 2014; Gidaro
and Servais, 2019). Moyamoya disease (MMD) is an unexplained disease characterized by
progressive stenosis and occlusion of the terminal internal carotid arteries (ICAs) and the
beginning of its proximal branches, leading to the formation of an abnormal vascular network
at the base of the brain (Oshima and Katayama, 2012). Secondary moyamoya disease is
named moyamoya syndrome (MMS) if the moyamoya vasculopathy is associated with other
diseases (Scott and Smith, 2009; Li et al, 2019). It is commonly seen in sickle cell anemia,
neurofibromatosis type I, Down syndrome, and diffuse toxic goiter etc. (Scott and Smith, 2009;
Vargiami et al., 2014; Li et al, 2019; Yamani et al., 2020; Nakamura et al., 2021). However,
MMS associated with SMA has not been reported. To improve the understanding of the
relationship between SMA and moyamoya vasculopathy, the clinical and electrophysiological
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FIGURE 1 | The patient’s family diagram shows that the patient’s parents were
cousins, and the patient (black arrow) was the only SMA patient in the family.

findings, gene detection, and imaging features of a patient with
both SMA and MMS were analyzed, the report is as follows.

CASE PRESENTATION

A 21-year-old female undergraduate patient was referred to the
Lanzhou University Second Hospital on March 10, 2021, due
to limb weakness with muscle atrophy for 17 years. Seventeen
years before admission, the patient had limb weakness without
obvious inducement, especially in the lower limbs. She could lift
the upper limbs and clench the fist but could not hold heavy
objects with hands intermittent trembling. The weakness of the
lower limbs was mainly manifested as difficulty in squatting
and standing up, needing the help of foreign objects to get
up, being unable to climb mountains and stairs, sometimes
falling. She gradually developed muscle atrophy and thinning
of limbs, especially atrophy of upper arms and thighs without
limb numbness, coldness, pain, or other paresthesia. She had no
abnormal beating sensation of skin and muscles, no fluctuating
of symptoms as mild in the morning and severe in the evening,
no blepharoptosis or restricted eye movement, no dysphagia
or choking cough when drinking water or slurred speech, no
weakness of head lifting or neck turning or shoulder shrugging,
no dyspnea or cough weakness and so on. Seventeen years ago,
her family brought the patient to Tianshui People’s Hospital,
where X-ray examinations of limbs, shoulder joints, and pelvis
were completed. No obvious abnormalities were found in all
of them, and no special treatment was given. Three years ago,
she was admitted to The Second Xiangya Hospital of Central
South University, and her electromyography (EMG) examination
showed abnormalities (no report form was found, and neither the
patient nor her family members could describe the specific results
in detail), which failed to further clarify the diagnosis. Since
then, the patient has been treated intermittently with Ginkgo
biloba leaf (40 mg/time, three times a day) without significant
improvement. During the disease, the above symptoms were
not relieved or progressively aggravated. Then the patient was
admitted to the inpatient department of neurology in our hospital
with “hereditary peripheral neuropathy.” The patient’s birth
history and growth history were unremarkable. The parents were
healthy, consanguineous (cousins; Figure 1), and none of the
other family members exhibited any similar clinical anomalies.

FIGURE 2 | Muscle atrophy in the limbs of the patient, especially the proximal
lower limbs. (A) Front view and (B) Side view.

We first performed neurological and physical examinations
of the patient. The patient showed stable vital signs, no obvious
abnormalities in cardiopulmonary and abdominal examination,
and clear consciousness, fluent speech, good cooperation,
appropriate answer to question. A test of higher cortical function
was normal. The 12 pairs of cranial nerve examinations were
negative. The muscle volume of the proximal limbs decreased
(Figure 2). The muscle strength of the proximal upper limbs was
grade 4, the distal upper limbs grade 4 +, the proximal lower
limbs grade 3 +, the distal lower limbs grade 4. The muscle
tension of the extremities was normal, the tendon reflex was
weakened, the deep and superficial sensation was symmetrical,
and the bilateral pathological signs were negative. The bilateral
rotation test, finger-nose test, heel-knee-shin test were all stable.
The neck was flaccid with no resistance and the meningeal
irritation sign was negative. She had arched foot and duck-
like gait.

Next, a series of laboratory examinations such as blood,
urine and stool routine, liver and kidney functions, electrolytes,
coagulation profile, thyroid function test, anemia test, tumor
markers detection, myocardial enzyme, plasma ammonia,
cortisol rhythm, adrenocorticotropic hormone, and arterial
blood gas analysis showed no significant abnormalities. Lumbar
puncture pressure was in the normal range. The cerebrospinal
fluid routine, biochemical and bacteriological tests were normal.
Electrocardiogram (ECG), chest radiography and cardiac color
ultrasound showed no significant abnormalities. Furthermore,
the patient's EMG showed normal conduction velocity and distal
latency of the right ulnar nerve motor nerve while low evoked
potential amplitude. Neurogenic lesions were also found in right
abductor pollicis brevis, right biceps brachii, left deltoid, left
abductor digiti minimi, medial head of right quadriceps femoris,
bilateral tibialis anterior muscle, right gastrocnemius, and right
rectus abdominis, which indicated extensive neurogenic damage
with chronic changes involving the cervical, thoracic, and
lumbosacral innervated muscles (Figure 3). Abdominal color
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deltoid (L) » — SE— —_— 18.71 17491 50.0 single 5.0
miscible
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gastrocnemius (R) — ZF 2+ — — 15.11 18241 0 pure phase 54
rectus abdominis (R) —_— —_ e —_ 16.21 10471 139 single 54
miscible
FIGURE 3 | EMG of the patient shows extensive neurogenic damage with chronic changes involving the cervical, thoracic and lumbosacral innervated muscles. EMG,
electromyography.

ultrasound revealed thickened and rough gallbladder wall and
multiple high echoes in the inner wall of the gallbladder,
thus polyps and inflammatory changes were mostly considered.
Cranial magnetic resonance imaging (MRI) scans showed no
significant abnormality in the brain parenchymal. Brain magnetic
resonance angiography (MRA) scans revealed occlusion of
bilateral anterior and middle cerebral arteries, a significant
increase in peripheral vessels, and formation of collateral
circulation, which suggests moyamoya disease (Figure 4).

To confirm the diagnosis, gene detection was performed.
Multiplex ligation-dependent probe amplification (MLPA) is
considered the gold standard for diagnosing SMA and the next
generation sequencing results confirmed that the patient had a
homozygous deletion of SMNI exons 7 and 8 with zero-copy and
3 copies of SMN2 exons 7 and 8 (Figure 5). Finally, the above
series of tests led us to the diagnosis of SMA type IIIb with MMS,
and gallbladder polyps with cholecystitis.

In the end, we gave the patient the following treatment plan,
low-dose methylprednisolone (20 mg/time, once a day) and
idebenone (30 mg/time, three times a day), coenzyme Q10 (10
mg/time, three times a day) were prescribed orally. The patient
was discharged on March 19, 2021 and continued oral treatment
with the above drugs. During a telephone follow-up on June 20,
2021, the patient reported that the strength of her limbs did not
seem to have changed much, but that her hand tremors were
relieved when she occasionally lifted heavy objects, and there
was no immediate improvement in other aspects. On September

27, 2021, the patient went to the outpatient department of our
hospital for follow-up, indicating that the activities of lower
limbs were gradually improved, mainly in the form of stronger
squatting and standing up, and no falls for the time being. We
performed a neurological physical examination of the patient
and found that her proximal muscle strength of lower limbs
was close to grade 4, that is, between grade 3 + and grade 4,
and other physical signs were basically the same as 6 months
ago. On December 27, 2021, the patient was followed up again
by telephone, and reported that all aspects of performance and
activity were similar to those of 3 months earlier. We told the
patient to continue taking the medication, and admitted her to
the hospital 3 months later for re-examination. The EMG needs
to be reviewed again to assess the change of disease compared
with the results of the previous year.

The course of the patient’s onset and hospital visit, as well as
the post-treatment response after the diagnosis was confirmed,
are shown in the timeline (Figure 6).

DISCUSSION AND CONCLUSION

SMA is an autosomal recessive peripheral neuromuscular disease
or lower motor neuron spectrum disease due to progressive
degeneration and irreversible loss of anterior horn cells in the
spinal cord and brainstem nuclei, leading to progressive muscle
weakness and atrophy (Ross and Kwon, 2019), and no effective
treatment is available. SMA is one of the main hereditary causes
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FIGURE 4 | Cranial MRA of the patient shows occlusion of bilateral anterior and middle cerebral arteries, with development of neoformation vessels, suggestive for
moyamoya disease. (A) Front view and (B) Side view. MRA, Magnetic resonance angiography.
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FIGURE 5 | Genetic test results of the patient show 0 copy of exons 7 and 8 of SMIN7, 3 copies of exons 7 and 8 of SMN2. The red region refers to exons 7 and 8 of
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of infant death. SMA was first reported by Guido Werdnig in
1891. Until 1995, when the Lefebvre team identified its causative
gene as SMNI located in the 5q11.2-13.3 region (Lefebvre et al.,
1995). In China, approximately 95% of SMA patients have a
homozygous deletion in exon 7 or exons 7 and 8 of SMN1, which
leads to loss of SMN protein function and thus causes disease (He
et al., 2013).

The clinical manifestations of SMA are quite heterogeneous.
SMA was classified into four types according to the onset time
and the highest attainment of motor function of the patients

(Munsat and Davies, 1992). SMA type I is the severe form, also
known as Werdnig-Hoffman disease, accounting for about 45%
of all forms of SMA, often presenting within 6 months of age with
rapidly progressive and symmetrical limb weakness, inability to
sit. Most of these children die of respiratory failure before the
age of 2 years. SMA type II is the intermediate form, also known
as Dubowitz disease, accounting for about 30-40%, with affected
infants often presenting in 6-18 months of age. Children with
type II usually achieve the ability to sit independently, but cannot
stand and walk, and survive over 2 years depending largely on
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FIGURE 6 | The timeline reflects the whole process from the onset of the disease to the definite diagnosis in our hospital and regular follow-up after treatment.

the occurrence of respiratory complications. SMA type III is
the mild or juvenile form, also known as Kugelberg-Welander
disease, accounting for about 20%, typically presenting after 18
months. Affected children can walk independently as the disease
progresses slowly, and life expectancy is not affected or slightly
shortened. This type can be further divided into (1) SMA type
IITa: the onset age is <3 years, and the probability of walking
10 years after onset is 73%; (2) SMA type IIIb: the onset age is
more than 3 years, and the probability of waking 10 years after
onset is 97%. SMA type IV is the late-onset or adult form, with
the onset age 15-60 years, about 35 years for the high incidence
age. The onset and progression are more insidious than other
types. Individuals with SMA type IV may experience walking
difficulties, and their survival time is not different from that of
normal subjects.

In this case, the onset of SMA was at 4 years old. The
patient presented slow progressive limb weakness and atrophy,
with lower limbs heavier than upper limbs, proximal heavier
than distal. Physical examination revealed positive signs such as
decreased muscle volume of the proximal limbs, poor muscle
strength, weakened tendon reflexes, arched foot, and duck-like
gait. Chronic motor neuron involvement changes at multiple
sites were seen on EMG. These clinical features are highly
consistent with SMA, but need to be differentiated from other
hereditary motor neuron diseases such as Kennedy’s disease
and distal hereditary motor neuropathy. Kennedy’s disease,
also known as spinal bulbar muscular atrophy, can cause
muscle weakness and atrophy of limbs and even the whole
body. Different from the SMA, Kennedy’s disease is an X-
linked recessive genetic disorder, usually occurs in middle-aged
and elderly men, the main clinical features are male breast
development, bulbar muscle involvement and jaw tremor (Breza
and Koutsis, 2019). And the distal hereditary motor neuropathy
is a length dependent motor nerve damage, mainly involving
the distal muscles of the limbs leading to weakness and atrophy,
can be presented as “crane leg sign,” “hammer finger” (Frasquet
etal,, 2021), this is highly inconsistent with the patient’s proximal
muscle involvement. Therefore, Kennedy’s disease and distal
hereditary motor neuropathy can be ruled out. Genetic testing

revealed homozygous deletion of exons 7 and 8 of SMNI and 3
copies of exons 7 and 8 of SMN2. Due to economic constraints,
the patients parents were unable to undergo genetic testing.
But the patient’s parents are cousins, so it is possible that
the pathogenic gene came from both parents. The diagnosis
was confirmed by combining the genetic results. According to
the age of onset and motor ability of the patient, the clinical
classification was defined as SMA type IIIb. In addition, the
cranial MRA showed occlusion of bilateral anterior and middle
cerebral arteries, significantly increased peripheral tiny vascular,
and collateral circulation formation, which was in accordance
with the imaging characteristics of MMD. We searched for
relevant literature, but there have been no reports about SMA
and moyamoya phenomenon so far. The co-occurrence of rare
diseases in a patient may hint more toward a correlation than
a co-incidence (Puri et al., 2016). Therefore, we speculated that
moyamoya disease is more likely to be a secondary vascular lesion
of SMA, so the patient was finally diagnosed with SMA type IIIb
with MMS.

MMD was first described by Japanese scholars Takeuchi
and Shimizu in 1957 (Oshima and Katayama, 2012). It is a
chronic cerebrovascular occlusive disease characterized by severe
stenosis or occlusion of the siphon segments of bilateral internal
carotid arteries and the beginning of the anterior and middle
cerebral arteries found by cerebral angiography, the formation
of an abnormal vascular network at the skull base caused
by a compensatory proliferation of small vessels such as the
leptomeninges and perforating arteries. MMS, also known as
Quasi-moyamoya disease, refers to moyamoya disease associated
with more than one underlying disease. In a nutshell, MMS
is a secondary lesion due to other systemic diseases (Scott
and Smith, 2009; Li et al, 2019). The underlying diseases are
extensive that covers various aspects and multiple systems,
such as hereditary diseases (neurofibromatosis type I and
Down syndrome), infectious diseases (tuberculous vasculitis and
Epstein-Barr virus infection), inflammatory diseases (systemic
lupus erythematosus and Sjogren’s syndrome), hematological
diseases (sickle cell anemia and spherocytosis), metabolic diseases
(abnormal thyroid function or pituitary hormone levels and
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pyruvate kinase deficiency), exogenous injuries (head trauma and
radiation injury) as well as oral contraceptives or drug taking
(Scott and Smith, 2009; Vargiami et al., 2014; Li et al., 2019;
Yamani et al., 2020; Nakamura et al., 2021).

At present, no relevant reports on SMA with MMS have
been found in literature, so what are the possible mechanisms
by which SMA causes moyamoya phenomenon? An in-depth
study of SMNI shows that abnormal expression of SMNI not
only affects the function of anterior horn cells of the spinal cord
but also leads to the involvement of multiple sites and multiple
organs (Gombash et al., 2015; Qian et al., 2019; Besse et al.,
2020). The expression of SMN protein is very wide, and Nash
et al. (2016) systematically summarized the expression of SMN
protein in the digestive system (the gastrointestinal tract such
as liver and gallbladder), autonomic nervous system, endocrine
system, reproductive system, skeletal system, central nervous
system, and vascular system. Therefore, the gallbladder lesions
in this patient may be related to the deletion of SMNI which
affects the expression of SMN protein and in turn involves its
digestive system such as liver and gallbladder. In recent years,
some studies have found a significant decrease in vascular bed
density in skeletal muscle and spinal cord of SMA transgenic
mice (Somers et al., 2012, 2016). Thus, the deletion or mutation
of SMNI may cause developmental defects in peripheral and
spinal cord vessels, but the effect on the intracranial vessels is
unknown. Ito et al. (2004) reported that a SMA type I child with
an abnormally high signal change in the bilateral anterolateral
part of the thalamus on cranial MRI, and Shishikura et al. (1983)
studied the brains of five children with SMA type I and founded
that sensory neuron and thalamic degeneration in addition to
severe cell loss in the anterior horn of the spinal cord and
cranial nerve motor neurons (V, VII, X, and XII), which indicated
that SMINI gene defects can lead to intracranial lesions. Animal
studies have confirmed that reduced SMN protein levels in SMA
mouse models resulted in brain development damage of perinatal
mice. Comparative proteomic analysis of the hippocampus in
SMA and wild-type mice showed that when SMN protein levels
were reduced, the expression levels of proteins that regulate
cell proliferation, migration, and development were significantly
altered, confirming that SMN protein played a crucial role in
brain development (Wishart et al, 2010). Based on this, we
speculated that the low expression of SMN protein level in
SMA patients may cause developmental disorders by affecting
the growth, division, and migration of vascular endothelial cells
and smooth muscle cells in the brain, and finally, MMD-like
abnormal changes such as progressive vascular stenosis and even
occlusion occurred.
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Japanese encephalitis (JE) is an acute viral central nervous system disease, although
less than 1% of patients infected with Japanese encephalitis virus (JEV) result in
JE, which has an extremely poor prognosis. The Routine detection methods for JEV
are time-consuming or limited by hospital conditions, therefore, need the quicker
and sensitive techniques to detect JEV. Here, we reported a 14-year-old female
who was admitted to our hospital with a severe fever, progressively headache and
unconsciousness. Based on the clinical presentation, Preliminary diagnosis on admission
indicated central nervous system infection of suspected viral meningoencephalitis or
autoimmune encephalitis. The patient’s symptoms were unrelieved after being treated
with empiric antiviral therapy. Magnetic resonance imaging (MRI) showed that the
lesions were located in the bilateral thalamus, head of caudate nucleus, and right
lenticular nucleus, so we had to consider the possibility of Flaviviruses infection. We
sent the cerebrospinal fluid (CSF) for metagenomic next-generation sequencing (MNGS)
immediately, subsequent result suggested the infection caused by JEV. Two days later the
results of the serum agglutination test confirmed that virus immunoglobulin M antibody
positive. After a week treatment with intravenous immunoglobulin (IVIG), meanwhile, the
lumbar puncture was used to check the pressure and various indicators of the CSF again
to evaluate the treatment effect, An decrease in the number of WBC indicates, protein and
unique RNA reads that the previous experimental treatment was effective, accompany
by temperature and consciousness of the patient was normalized. Two weeks after
admission, the patient was transferred to the rehabilitation hospital, MR showed the
lesions had disappeared completely after 2 months of follow-up. We believed that MNGS
may be an effective method for rapid identification of JE.

Keywords: Japanese encephalitis, central nervous system infection, metagenomic next-generation sequencing,
Japanese encephalitis virus, epidemic encephalitis B

INTRODUCTION

Japanese encephalitis (JE) is the mosquito-borne, an acute viral central nervous system disease in
most temperate areas of Asia and Western Pacific, especially in rural or mountain areas where forest
and pig farming (Quan et al., 2020). The mortality rate of JE is 20-30% approximately, and 30-50%
of survivors have varying degrees of neurological sequelae (Campbell et al., 2011). The prognosis
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of patients depends on identification early and treatment
timely, but the conventional methods such as Enzyme-
Linked Immunosorbent Assays (ELISA), Reverse Transcriptase
Polymerase Chain Reaction (RT-PCR) were time-consuming
or limited by hospital conditions. There is an urgent clinical
need for a technology that can quickly and accurately identify
pathogens, reduce the risk of death due to delayed treatment.
Metagenomics next-generation sequencing (mNGS) is a new
detection technology, which has the advantages of fast and
precise (Wilson et al., 2019). We report the first case of JE
diagnosed by using mNGS of cerebrospinal fluid (CSF).

CASE REPORT-1

A 14-year-old female patient was admitted to the Second
Hospital of Lanzhou University on July 23rd, 2019 due to fever
accompanied by progressively deteriorated headache for 3 days,
and progressive unconsciousness for 1 day. She developed fever
(her body temperature over 40°C) without obvious predisposing
factors on July 20th, 2019, accompanied by headache, mainly
mild intermittent throbbing pain in the temporal. The symptoms
worsened on the next day, and the headache spread to the
occipital and back of the neck and lasted longer. Meanwhile,
she developed mild fatigue and sore muscles, which were
unresponsive to Paracetamol. On the morning of July 22nd, the
headache was significantly aggravated obvious, and the duration
was prolonged, accompanied by nausea and vomiting. Her sleep
increased and she was not easy to wake up that afternoon.
When she was taken to our hospital on July 23rd 2019, she
was in mild coma. Routine physical examination on admission
showed the body temperature of 39.2°C, pulse of 93 beats/min,
respiratory rate of 23 times/min, and blood pressure of 124/82
mmHg. Nervous system examination showed consciousness and
poor mental state without obvious abnormalities involving high-
level cortical functions or cranial nerves. The muscle strength
of the limbs was grade 4+. The muscle tension was normal,
and tendon reflexes were present without any pathological signs.
The neck was rigid, and the mentosternal distance was 4 fingers.
Positive Kernig sign and positive Brudzirnki sign were observed.
Blood routine on admission plus CRP showed WBC counts at
9.5 x 10°/L, neutrophil ratio NE% of 0.43, lymphocyte ratio
LY% of 0.57, and CRP of 29 mg/L. The rest laboratory tests
showed no abnormalities. Preliminary diagnosis on admission
indicated central nervous system infection of suspected viral
meningoencephalitis. Acyclovir 0.5 g/8h, iv, dexamethasone
10 mg, iv. were administered. Brian magnetic resonance imaging
(MRI) revealed hyperintensity involving bilateral thalamus, head
of caudate nucleus and right lenticular nucleus on July 24th,
2019 (Figures 1A-E). Because of symmetrical thalamic lesions,
we have to consider that the patient may suffer from Flaviviruses.
Lumbar puncture was subsequently performed with the CSF
intracranial pressure of 220 mmH,0O, WBC counts was 90 x
10°/L, of which mononuclear cell accounted for 86.9%, and
proteins was 1.07 g/L. In the meantime, syphilis antibodies,
autoimmune encephalitis antibodies, rheumatism antibodies,
respiratory disease antibodies, and tuberculosis antibodies were

all tested for negative. The rest examinations showed no
abnormalities. In addition, 8 ml of CSF was collected for mNGS
(Accurate Decoding Medical Laboratory, Gansu, China) to
determine the pathogen. On July 26, the results of mNGS showed
a total of 26 unique RNA sequences of Japanese encephalitis virus
(JEV), with a coverage rate of 23.9348% (Figure 2). In order
to confirm the JEV infection, the CSF was collected and sent
to the Center for Disease Control and Prevention to test the
JEV immunoglobulin M antibody. As the patient’s condition did
not relieve, we used intravenous gamma globulin empirically.
On July 28, the patient’s JEV immunoglobulin M antibody was
positive. Therefore, the diagnosis of JE was finally confirmed.
Subsequently, the patients clinical symptoms improved, her
body temperature was basically normal, and her consciousness
recovered. A second lumbar puncture was performed to observed
cytological and protein changes in CSF and for mNGS detection
again on August 1st, 2019. Analysis of CSF showed a decrease
in the number of white blood cells and protein levels (WBC
count was 42 x 10°/L, of which monocyte percentage for
56.9%, and protein was 0.57 g/L). The result of mNGS detected
seven the unique RNA reads of JEV and genome coverage
2.0484% on August 3rd, 2019 (Figure 3), which was significantly
better than the previous results on July 26th, 2019. After pure
antiviral treatment for 5 days, the patient was transferred to
the rehabilitation hospital on August 5th, 2019. Follow-up MRI
showed that the lesions disappeared completely after2 months,
on October 2nd, 2019 (Figure 1F).

Through timeline of the patient’s clinical symptoms,
temperature change process, drug use, mNGS and MRI
(Figure 4), we can see the patient’s treatment process in detail.

DISCUSSION

Japanese encephalitis is also known as epidemic encephalitis B,
an acute mosquito-borne viral central nervous system infection
caused by JEV, which is mainly prevalent in Asia and the
Pacific. The WHO estimates that approximately 67,900 cases of
JE are distributed in these epidemic areas, and the incidence
rate is about 1.8/10,000 (Solomon, 2006; Wang and Liang,
2015). However, there is a trend that epidemic areas expand
(Connor and Bunn, 2017). In 2010, the nucleic acid sequence
of the JEV-NS5 segment was detected in the specimens of
Culex pipiens pollens and birds in northeastern Italy (Platonov
et al, 2012; Zeller, 2012). In Africa, JEV nucleic acid was
detected from Fiebre amarilla patients through deep sequencing
(Simon-Loriere et al., 2017).

A variety of animals can be infected with JEV, including
pigs, horses, cattle, sheep, and birds. Among them, pigs are very
susceptible to JEV (Le Flohic et al., 2013; Mansfield et al., 2017).
Pigs can maintain a state of high-level viremia for a long time
after infection. They are the main host and important source of
infection for JEV (van den Hurk et al., 2009). Mosquito bite is
the main mode of transmission of JE. At present, more than 30
species of mosquitoes are known to be vectors of JE, and the
type and number of mosquitoes can affect the incidence and
prevalence of JE (Le Flohic et al., 2013). Culex tritaeniorhynchus
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FIGURE 1 | (A) MRI brain axial T1: slightly hypointensity in the symmetric thalamus, head of caudate nucleus, and right lenticular nucleus (B) MRI brain axial T2:
hyperintensity in the symmetric hippocampus, thalamus, head of caudate nucleus, and right lenticular nucleus. (C,D) MRI brain axial diffusion-weighted imaging:
isointensity bilateral punctate hyperintensity in the symmetric thalamus, and showed hypointensity in ADC. (E) MRI brain axial T2 fluid-attenuated inversion recovery:
slightly hyperintensity in the symmetric thalamus, head of caudate nucleus, no mass effect. (F) MRI brain axial T2 fluid-attenuated inversion recovery: The lesions had
disappeared completely after 2 months.

Japanese encephalitis virus 23.9348% coverage

microbe (n=400 reads)

-

Japanese_encephalitis_virus (n=26, 6.5%)
Others (n=374, 93.5%)

Reads number

30 60 90
Nucleotide position along Japanese encephalitis virus (0.1K)

FIGURE 2 | First MNGS result showed a total of 26 unique RNA sequences of Japanese encephalitis virus (JEV), with a coverage of 23.9348% were detected.

is widely distributed among mosquito vectors, and is highly  Filgueira and Lannes, 2019). Infected cells cross the blood-brain
susceptible to JE. It is the most important mosquito species  barrier (BBB) through endothelial cell phagocytosis, and induce
in the transmission of JE (Ghosh and Basu, 2009; Hsieh and  the production of inflammatory cytokines and chemokines,
St John, 2020). Japanese encephalitis virus (genus Flavivirus; leading to the destruction of the BBB (Miner and Diamond,
family: Flaviviridae) is a forward single-stranded RNA virus  2016; Patabendige et al., 2018; Hsieh and St John, 2020). It is
containing an envelope, which is neuroinvasive and neurotoxic ~ worth noting that the destruction of the BBB is not caused
in humans (Impoinvil et al, 2011). After humans are bitten by the virus itself. Inflammatory cytokines or chemokines can
by mosquitoes carrying JEV, the virus enters the local skin  reduce the permeability of the BBB by down-regulating tight
and lymph nodes through receptor-mediated endocytosis and  junction proteins. At the same time, inflammatory cytokines
is replicated in monocyte-macrophages and dendritic cells, can further impair the BBB by inducing the expression of
causing transient low-level viremia (Banerjee and Tripathi, 2019;  adhesion molecules on BBB endothelial cells (Chen et al., 2014;
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Japanese encephalitis virus 2.0484% coverage

microbe (n=2251 reads)
Japanese_encephalitis_virus (n=7, 0.31%)

Others (n=2244, 99.69%)

Reads number

0 30 60 90
Nucleotide position along Japanese encephalitis virus (0.1K)

FIGURE 3 | Second mNGS result showed a total of 7 unique RNA sequences of Japanese encephalitis virus (JEV), with a coverage of 2.0484% were detected.
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FIGURE 4 | Timeline of the patient’s clinical symptoms, temperature change process, drug use, mNGS, and MRI.

Chang et al, 2015). Then the infected cells migrate from the  headache, and hypoconsciousness, and the clinical symptoms
periphery to the central nervous system, trigger humor and  are consistent with the typical clinical manifestations of JE.
cell-mediated immune responses and induce the expression of  The imaging manifestations of JE are extensive involvement
pro-inflammatory cytokines. The activation of microglia will — of the brain and spinal cord. Among which the thalamus
lead to the overproduction of pro-inflammatory mediators and ~ and midbrain are the most severely affected, the parietal lobe,
cause extensive destruction of neurons and symptoms of acute  frontal lobe, and hippocampus of the brain are significantly
encephalitis (Lannes et al., 2017; Ashraf et al, 2021). The affected, and the spinal cord is the least affected. Symmetry
clinical manifestations and prognosis of patients depend on the  of thalamic lesions is the characteristic of JE (Prakash et al.,
virulence of the virus and the host immune response. The main ~ 2004; Handique and Barkataky, 2008; Lai et al., 2008). Magnetic
clinical manifestations of patients include headache, high fever, = resonance imaging of this case showed lesions in the bilateral
disturbance of consciousness, seizures, and even respiratory  thalamus, the head of the caudate nucleus, and the right lenticular
failure (Basumatary et al,, 2013). Rare manifestations include  nucleus. The lesions showed slightly low signal intensity on
mandibular-facial nerve twisting tremor (Takeuchi et al., 2014), ~ T1WI, slightly higher signal intensity on T2WI, and high signal
cervical dystonic tremor (Spagnolo et al., 2014), phrenic nerve  intensity on FLAIR sequence, which is consistent with changes in
palsy (Chaudhuri et al,, 2021), and upper and mixed upper acute encephalitis. The DWI sequence showed mainly iso-signal
and lower motor neuron damage (Ghosh et al., 2020). Japanese  intensity mixed with patchy hyperintensity, suggesting that the
encephalitis is often secondary to a variety of diseases including  lesions were mainly vasogenic edema, and a few showed cytotoxic
Guillain-Barré syndrome (Xiang et al., 2014; Wang et al., 2020),  edema. The imaging changes are related to the pathological
Secondary Parkinson’s disease (Tadokoro et al, 2018), anti- mechanism of the patient’s disease process, and the spot-to-
N-methyl-D-aspartate receptor encephalitis (Tian et al., 2019;  uniform pattern of cytotoxic edema may reflect the pattern of
Wang et al, 2020), acute flaccid myelitis (Dev et al,, 2020;  virus replication in the thalamus (Arahata et al., 2019). It was
Shen et al.,, 2020), cerebral venous sinus thrombosis (Jia et al.,  confirmed in animal experiments that the RNA of JEV mainly
2012) and so on. The patient in this case had typical high fever, = accumulates in the thalamus and basal ganglia, indicating that
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the virus replicates specifically in these areas (Ricklin et al,
2016). Although Neuroimaging features of JE have showed that
involvement of temporal lobe and hippocampus is also one of
the characteristics in previous study (Handique et al.,, 2006),
the patient in this case did not have hippocampal involvement,
and there were no clinically related mental abnormalities
and memory impairment, which may be related to her mild
condition. Through the characteristics of imaging, we suspected
the possibility of flavivirus infection, but due to technical
restriction, we can’t detect the specific virus type by PCR. After
weighing and analyzing the benefits of treatment and the risk of
serious consequences of JEV, before completing the confirmatory
test of JEV antibodies, we conducted experimental treatment
immediately based on the results of mNGS. Although there is
no special treatment for JE, early supportive treatment can limit
the development of neurological sequelae. Based on previous
clinical experience, the patient used antiviral drugs (aciclovir),
dexamethasone, and experimentally used intravenous gamma
globulin for 5 days. The treatment effect was evaluated based on
the unique RNA readings in the CSF samples on July 26, 2019
and August 7, 2019. After 10 days of treatment, the number of
JEV readings was reduced from 24 to 7. Fortunately, after 20 days
of hospitalization, the patient’s condition gradually stabilized
and she was transferred to the rehabilitation hospital. A follow-
up MRI showed that the lesions disappeared completely after
2 months. As a new detection method, mNGS does not rely
on traditional microbial culture and directly performs high-
throughput sequencing of nucleic acids in samples. It can
quickly and indiscriminately detect pathogenic microorganisms
in samples (Salzberg et al., 2016; Gu et al., 2019; Wilson et al.,
2019), such as bacteria, viruses, fungi, and parasites, to the
difficult infections or rare pathogenic microorganisms especially
(Fan et al., 2020; Cao et al., 2021; Liu et al., 2021).

Current next-generation sequencing (NGS) are widely utilized
for pathogen identification, but they can only sequence DNA
molecules in most cases. While DNA composes the genetic
material for pathogenic bacteria and fungi, RNA viruses compose
a large fraction of infectious pathogens in central nervous system
infectionas well, Flavivirus (including West Nile virus, JE virus
and so on), severe fever with thrombocytopenia syndrome virus
(SFTSV), for example. It is noteworthy that the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) responsible
for the coronavirus disease 2019 (COVID-19) which belongs to
RNA virus (Manso et al., 2017; Gao, 2018; Wang et al., 2020a,b).
Thus, RNA viruses will be neglected from solely DNA-based
mNGS, sometimes hindering important diagnoses. Due to the
cost of medical economics, mNGS is rarely used for simultaneous
detection of RNA and DNA of pathogenic microorganisms in
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Alzheimer’s disease (AD) is the most common form of dementia and a growing public
health burden in the United States. Significant progress has been made in identifying
genetic risk for AD, but limited studies have investigated how AD genetic risk may
be associated with other disease conditions in an unbiased fashion. In this study,
we conducted a phenome-wide association study (PheWAS) by genetic ancestry
groups within a large academic health system using the polygenic risk score (PRS)
for AD. PRS was calculated using LDpred2 with genome-wide association study
(GWAS) summary statistics. Phenotypes were extracted from electronic health record
(EHR) diagnosis codes and mapped to more clinically meaningful phecodes. Logistic
regression with Firth’s bias correction was used for PRS phenotype analyses. Mendelian
randomization was used to examine causality in significant PheWAS associations. Our
results showed a strong association between AD PRS and AD phenotype in European
ancestry (OR = 1.26, 95% Cl: 1.13, 1.40). Among a total of 1,515 PheWAS tests
within the European sample, we observed strong associations of AD PRS with AD
and related phenotypes, which include mild cognitive impairment (MCI), memory loss,
and dementias. We observed a phenome-wide significant association between AD PRS
and gouty arthropathy (OR = 0.90, adjusted p = 0.05). Further causal inference tests
with Mendelian randomization showed that gout was not causally associated with AD.
We concluded that genetic predisposition of AD was negatively associated with gout,
but gout was not a causal risk factor for AD. Our study evaluated AD PRS in a real-
world EHR setting and provided evidence that AD PRS may help to identify individuals
who are genetically at risk of AD and other related phenotypes. We identified non-
neurodegenerative diseases associated with AD PRS, which is essential to understand
the genetic architecture of AD and potential side effects of drugs targeting genetic risk
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Front. Aging Neurosci. 14:800375.
doi: 10.3389/fnagi.2022.800375

factors of AD. Together, these findings expand our understanding of AD genetic and
clinical risk factors, which provide a framework for continued research in aging with the
growing number of real-world EHR linked with genetic data.

Keywords: Alzheimer’s disease, polygenic risk score, phenome-wide association study, electronic health record,
Mendelian randomization
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INTRODUCTION

Dementia is one of the largest unmet medical needs worldwide.
Alzheimer’s disease (AD) is the most prevalent form of dementia,
which accounts for 60-70% of the total cases (Alzheimer’s
Association, 2021). In the United States, an estimated 6.2 million
individuals aged 65 and older are living with AD, which results in
an economic cost of $355 billion (Alzheimer’s Association, 2021).
Multiple factors, both genetic and environmental, are associated
with AD (Xu et al., 2015). Genome-wide association studies
(GWASs) have identified multiple common variants, which
together contribute to 7.1% of the risk for AD (Kunkle et al.,
2019). Well-established genetic risk factors include the €4 allele
of the apolipoprotein E (APOE) gene, the five repeat allele of very
low-density lipoprotein receptor (VLDL-R) gene, and deletion in
exon 18 of the a2 macroglobulin (A2M) gene (Tilley et al., 1998).
Environmental factors, such as air pollution, dyslipidemia, and
type 2 diabetes, are also associated with higher risk of AD (Tsuno
and Homma, 2009; Fu et al., 2021; Ware et al., 2021). Given the
large public health burden, determining the relationship between
AD genetic risk and other disease conditions can improve our
understanding of the genetic architecture of AD and disease
conditions that may be the risk factors for AD.

A phenome-wide association study (PheWAS) can identify
the shared genetic etiology between AD and other diseases.
A PheWAS is considered a genotype-to-phenotype approach
where multiple phenotypes are tested for association with one
genetic loci (Hebbring, 2014). As a way of exploring gene-
disease associations, PheWAS has been used by investigators
with extensively phenotyped cohorts such as large biobanks
(Bycroft et al., 2018) and electronic health record (EHR) systems
(Denny et al., 2013).

To define phenotypes, PheWASs use computable phenotypes
derived from EHR databases. Standard PheWASs have primarily
focused on correlating single-nucleotide polymorphisms (SNPs)
to a spectrum of phenotypes, which may result in limited power
due to the small effect size of each SNP (Fritsche et al., 2018).
A polygenic risk score (PRS) is a summary score calculated
by aggregating the risk carried by multiple genetic variants,
weighted by their effect sizes from a GWAS (Escott-Price et al.,
2015). As a measurement of genetic liability to a trait, the PRS
has shown promise in predicting human complex traits and
diseases and may facilitate early detection, risk stratification, and
prevention of common complex diseases (Chatterjee et al., 2016).
For instance, one study reported an area under the curve (AUC)
of 0.57 using APOE region only to predict AD (Tosto et al,
2017), whereas another study reported an AUC of 0.84 with
an AD PRS using more than 2,00,000 variants including APOE
(Escott-Price et al., 2017).

Because a PheWAS identifies multiple phenotypes associated
with AD genetic risk, it is possible that these PheWAS significant
phenotypes are the causal risk factors for AD. For example,
AD genetic risk may lead to a PheWAS significant phenotype,
which may lead to AD. Mendelian randomization (MR) is a
method using genetic variants as the instrumental variables to
assess causality between two phenotypes known as the exposure
and the outcome. It is analogous to a randomized control trial

where individuals are randomized to carry genetic variants that
may modify the risk of an exposure. Since genetic variants are
fixed at conception, preceding the onset of health disorders and
environmental exposures, MR can overcome many drawbacks of
observational studies, such as confounding and reverse causation
(Smith and Ebrahim, 2003).

Our study is the first to perform a comprehensive PheWAS
from AD PRS in an academic health center EHR with different
ancestry populations. We first constructed AD PRS based on
the largest AD GWAS (Kunkle et al, 2019). Then, we linked
EHR information with genotypic data to explore phenotype
associations of AD genetic risk. When a PRS-based PheWAS
led to the association with other phenotypes (e.g., gout), we
performed MR to evaluate their causal relationships.

SUBJECTS AND METHODS

University of California, Los Angeles
ATLAS Cohort

Participants were recruited through University of California,
Los Angeles (UCLA) Health System. Written informed consent
was obtained from the participants for the study of remnant
biosamples in the UCLA ATLAS Precision Health Biobank
(Chang et al,, 2021; GenomicsDB, 2021; Johnson et al., 2021).
Genetic data obtained from remnant biosamples as described
below were linked to the deidentified EHR from the UCLA
Health System known as the UCLA Data Discovery Repository
(DDR), developed under the auspices of the UCLA Health
Office of Health Informatics Analytics and the UCLA Institute
of Precision Health. This study was considered human subject
research exempt because all genetic and EHRs were deidentified
(UCLA IRB# 21-000435).

Data Preprocessing

Genotyping and Sample Quality Control

Genotype collection, quality control, processing, and imputation
were performed by the UCLA ATLAS Precision Health Biobank
(GenomicsDB, 2021; Johnson et al.,, 2021). Briefly, DNA was
extracted from participant blood samples and genotyped on a
custom Illumina Global Screening Array that included a standard
GWAS backbone and an additional set of pathogenic variants
selected from ClinVar (Landrum et al., 2018). Preprocessing of
the genotyped data includes removing contaminated samples,
unmapped SNPs, high missing rate samples, high missing rate
SNPs, duplicates, and performing strand flip (PLINK v.1.90)
(Changetal., 2015; Johnson et al., 2021). After performing array-
level genotype quality control, genotypes were imputed from the
Michigan Imputation Server (2021). After filtered by R* > 0.90
and minor allele frequency (MAF) > 0.01, 8,048,268 polymorphic
variants and 30,118 participants remained.

Population stratification, defined as the presence of systematic
allele frequency differences between populations, can distort the
true effect estimates between genetic variants and disease (Price
etal., 2006). To adjust for population stratification, we conducted
all analyses within samples of the same genetic ancestry group.
We inferred samples’ genetic ancestry by projecting all genotyped
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samples into the principal components (PCs) space of the 1,000
Genome Project (phase 3) (Internationalgenomel000, 2021)
reference panel using the R package “bigsnpr” (Privé et al., 2018).
We limited the principal component analysis (PCA) to variants
that were shared between the 1,000 Genome reference and the
UCLA ATLAS data, had a MAF > 0.01, and remained after
linkage disequilibrium (LD) clumping (R* > 0.2, prioritizing
variants by higher minor allele counts). PCs were stored and
used for further association tests. Genetic ancestry of each sample
was inferred using k-nearest neighbor (k-NN) (Altman, 1992)
(multiclass classification) with the first 20 PCs of the genotyped
data. Genetic ancestry classes were assigned to European, African,
American, East Asian, or South Asian ancestry. We compared
patients’ inferred genetic ancestry with self-reported race or
ethnicity, and results are shown in Supplementary Table 1.

Phenotype Generation

International Classification of Disease (ICD) codes are standard
diagnosis codes used in the EHR. ICD codes are arranged
hierarchically to describe diseases and syndromes. It has
fine granularity but are considered too detailed to represent
clinically meaningful phenotypes and to replicate known genetic
associations (Wei et al., 2017). Instead, we used phecodes in
our study to reduce complexity of phenotypes in the EHR.
Phecodes are defined as a combination of ICD codes and have
been validated by experts to better represent clinical disease
phenotypes (Denny et al., 2010). As such, this improves power
to detect an association by increasing the number of cases
and reducing multiple hypothesis testing. We extracted the
diagnosis data (ICD-9/10 codes) from all types of encounters
(including appointment, hospital encounter, office visit, history,
telephone, patient message, orders, transcribed document,
scanned document, billing encounter, refill, letter, laboratory
visit, health maintenance letter, procedure pass, ancillary orders,
historical scanned document, and ancillary procedure) from the
UCLA EHR and mapped the ICD codes to phecodes using the
R package “PheWAS” (Carroll et al., 2014). Cases for a given
PheWAS code were defined if an individual had at least one
assignment of that phecode in their longitudinal records. The
remaining individuals that did not have phecodes from exclusion
criteria previously defined (Carroll et al., 2014) were considered
as control subjects. In each ancestry sample, we only tested
phenotypes with > 50 cases and > 50 controls to increase
statistical power in the PheWAS analyses. A total of 1,515 case-
control studies were generated for further analyses.

Construction of Alzheimer’s Disease

Polygenic Risk Score

To construct the AD PRS, we used the summary statistics of a
late-onset AD GWAS conducted by Kunkle et al. (2019) in which
included 21,982 cases and 41,944 controls (N SNP = 11,480,632).
Variant positions were converted to GRCh38 using variant IDs
from dbSNP build 151 (UCSC Genome Browsers) (Karolchik
et al., 2004). The set of SNPs that overlapped between GWAS
summary statistics and ATLAS genotyped data was retained for
PRS construction. We also restricted our analyses to only the
HapMap3 SNPs and removed outliers (SNPs) from the summary

statistics as recommended by Privé et al. (2020). A total of
953,397 SNPs passed the above quality control steps and were
used for PRS construction. We then used LDpred2 to build
the AD PRS (Privé et al., 2020). For the first step of LDpred2,
we used a reference dataset from 1,000 Genome (European
samples only, n = 522) to extract overlapping GWAS hits and
estimated pairwise LD using the available allele dosages of the
corresponding controls. LDpred2 updated weights () based on
LD information and then the updated weights were applied to
all UCLA ATLAS samples accordingly. The PRS was calculated
by the sum of an individuals risk allele dosages, weighted by risk
allele effect sizes. Namely, for subject j, the PRS was of the form
PRS; = > ;BiGjj where B; was the updated weight for locus i,
and Gj; was the measured dosage data from the risk allele on
locus i in subject j. The same methods were applied to construct
AD PRS for each ancestry group. Finally, we normalized all PRSs
(mean = 0, standard deviation = 1) to a reference population (the
1,000 Genome, European sample).

Statistical Analysis

To validate the AD PRS, we examined the association between
PRS and AD phenotype (phecode = 290.11) using logistic
regression. To avoid selection bias introduced by younger,
healthier participants, we only selected people aged over 65
without AD as our controls (vs. AD cases). We first determined
the PRS quartiles within each ancestry sample, categorized all
samples according to these PRS quartiles, and fitted logistic
regression adjusting for age, sex, and the first five PCs. We
reported area under the receiver operating characteristic (ROC)
curve (AUC) (Receiver Operating Characteristic, 2021) and odds
ratios (ORs) corresponding to the top vs. the bottom quartile PRS
(reference), referred to as PRS OR. We also used continuous PRS
as the covariate to increase statistical power.

For our primary PRS PheWAS, we conducted logistic
regression for each phenotype, adjusting for age, sex, and the
first five PCs. We used Firth’s bias reduction method in logistic
regression models to avoid the problem of separation, which is
introduced by very small observed value of the outcome that
leads to large parameter estimates and standard errors in a binary
or categorical outcome logistic regression (Wang, 2014). We
applied the false discovery rate (FDR) p-value correction to adjust
for multiple testing (Korthauer et al., 2019). The results were
presented as ORs and raw or adjusted p-values.

For significant PheWAS hits on AD PRS, we first reexamined
their associations with AD PRS within non-AD controls only. We
also tested their relationship with AD phenotype in our sample
using logistic regression and one-sample MR. Confounders
used for model adjustments were health conditions that were
associated with both phenotypes. The conceptual directed acyclic
graph and MR assumptions are shown in Supplementary
Figure 1. For one-sample MR, sequential probit models were
used to calculate the causal effect controlling for confounders
at each step (Davies et al, 2018). We also used two-sample
MR, which uses large GWAS summary statistics (Hartwig et al.,
2016), to test the robustness of our one-sample MR results.
In two-sample MR, identified SNPs at significance thresholds
(liberal: P < 1E-06; conservative: P < 5E-08) were clumped
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for independence using PLINK clumping (R? < 0.001, window
size = 10,000 kb) within a European reference panel, where
SNPs with the lowest p-value were retained. We applied multiple
robust methods in our study including inverse variance weighted
(IVW, with multiplicative random effects model), MR-Egger,
weighted median, and weighted mode. Beta coefficient, standard
error, and p-value were reported for each method. Finally, we
performed multiple sensitivity analyses to test whether those
MR assumptions were met. F-statistics was used to check
instrumental variable strength, with > 10, which indicates a
sufficiently strong instrument (Burgess et al., 2011). Cochran’s
Q-test, MR-Egger intercept, and MR-PRESSO global test were
used to examine the existence of horizontal pleiotropy and
outliers (Bowden et al., 2018; Verbanck et al., 2018). Additionally,
12 statistics was calculated as a measure of heterogeneity between
causal estimates, with a low I? which indicates estimates biased
toward the null (Bowden et al., 2016).

All analyses were carried out separately for different genetic
ancestries. If not stated otherwise, analyses were performed using
R version 4.1.0 (R: The R Project For Statistical Computing,
2019).

RESULTS

The study cohort included 30,118 genotyped samples with EHR
data (see summary characteristics of the cohort in Table 1). The
study cohort contained 54.6% women and the median age was 61
years. Of these samples, 0.92% had a diagnosis of AD. Compared
to non-European genetic ancestry samples, the European sample
was older and had a lower AD PRS. The African and South Asian
samples had a higher proportions of AD cases.

Validation of Alzheimer’s Disease

Polygenic Risk Score

To validate the construction of AD PRS, we determined the
association between AD PRS and AD in our UCLA ATLAS
sample by ancestry (Table 2). AD PRS was positively associated
with AD phenotype in the European and East Asian ancestry
sample. After adjusting for age, sex, and first five PCs, European
participants falling in the top quartile of AD PRS (>0.954) were
associated with 1.81 (95%CI: 1.18, 2.82) times higher odds of AD
relative to the bottom quartile (< -0.854); the odds were higher in
East Asian participants, though with a wider confidence interval
(OR =5.11, 95% CI: 1.09, 37.77). A one standard deviation unit
increase in AD PRS was associated with 1.26 (95% CI: 1.13, 1.40)
times higher odds of AD in European ancestry and 1.88 (95%
CI: 1.22, 2.98) times higher in East Asian ancestry. For European
ancestry, the AUC for AD PRS alone to predict AD in the logistic
regression model was 0.58 (95% CI: 0.53, 0.63) and increased to
0.79 (95% CI: 0.74, 0.83) with covariates including age, sex, and
first five PCs. However, no association was observed between AD
PRS and AD in other ancestry groups. Taken results together,
the AD PRS built using GWAS summary statistic from European
ancestry individuals (Kunkle et al., 2019) was confirmed to be a
valid instrument for further analyses in the European and East

Asian ancestry but should be used with caution for other ancestry
samples.

Alzheimer’s Disease Polygenic Risk

Score Phenome-Wide Association Study
We evaluated AD PRS across 1515 EHR-derived phenotypes
with at least 50 case and control subjects in the European
sample as our primary analyses (Supplementary Table 2A).
Through a PheWAS plot, we present -In(FDR corrected p-values)
corresponding to each of the 1,515 association tests for Hy:
Bprs = 0 (Figure 1). After FDR p-value correction, we found
strongest associations of AD PRS with the AD and related
phenotypes, which include mild cognitive impairment (MCI)
(OR=1.18,FDR =0.013), memory loss (OR = 1.10, FDR = 0.004),
and dementias (OR = 1.14, FDR = 0.046) (Table 3). We
observed a borderline association between AD PRS and delirium
dementia and amnestic and other cognitive disorders (OR = 1.11,
FDR = 0.059). In addition, we identified a PRS association
with a secondary trait besides cognitive disorders. We observed
an inverse association of AD PRS with gouty arthropathy
(OR = 0.90, FDR = 0.05). PRS PheWAS was also conducted
in other ancestry samples with phenotypes of at least 50 case
and control subjects each (Supplementary Tables 2B-E), but no
significant associations were found.

Determining Causality Between
Alzheimer’s Disease and Secondary
Phenotypes

To investigate whether the secondary association of gouty
arthropathy and AD PRS was due to patients with both
AD and gouty arthropathy, we reexamined the AD PRS-gout
association after excluding AD cases. After adjusting for the same
demographic variables (age, sex, number of follow-up years, and
first five genetic PCs), the inverse association between AD PRS
and gouty arthropathy was still significant (OR = 0.91, p = 0.01).
We also evaluated the association between gouty arthropathy
and AD phenotype in our European sample. Variables that
influence both the exposure (gouty arthropathy) and outcome
(AD) can cause a spurious association in observational studies
(McNamee, 2005). We performed bivariate analyses to find
factors that potentially confound the association between gouty
arthropathy and AD (Supplementary Table 3). Hypertension,
diabetes, stroke, and hyperlipid were significantly associated
with both gouty arthropathy and AD. These were adjusted
as confounders in subsequent models. Although there was a
crude positive association between gouty arthropathy and AD
(OR = 2.48, 95% CI: 1.11, 4.79), no significant association
was found after adjustments of demographic and comorbidity
variables mentioned above (Table 4).

Next, we examined whether a lower risk of AD was a
consequence of gouty arthropathy with a one-sample MR
framework (Supplementary Figure 1). A test of inferred causality
of gouty arthropathy on AD was conducted using AD PRS as the
instrumental variable since its association with gouty arthropathy
was statistically significant (Table 3), which met the relevance
assumption of MR. As shown in Table 4, the causality of gouty

Frontiers in Aging Neuroscience | www.frontiersin.org

March 2022 | Volume 14 | Article 800375


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Fuetal.

Alzheimer’s Disease Phenome-Wide Association Study

TABLE 1 | Demographics and clinical characteristics of UCLA ATLAS sample.?

Genetic ancestry sample

All sample European African American East Asian South Asian Overall P-value®
Characteristic n =30,118 n =19,934 n =1,663 n = 4,991 n =2,982 n =548
Females, N (%) 16,434 (54.6%) 10,288 (51.6%) 1,027 (61.8%) 3,004 (60.2%) 1,816 (60.9%) 299 (54.6%) < 0.001*
Age (years), Median [25th;75th]  61.0 [45.0;72.0] 63.0[48.0;73.0] 60.0[46.0;71.0] 53.0[39.0;66.0] 57.0[42.0;70.0] 49.0[38.0;66.0] < 0.001*
Encounters per participant, 59.0[25.0;119] 59.0[26.0;119]  73.0[29.0;152]  55.0[22.0;119]  54.0[25.0;105]  49.0 [23.0;106] < 0.001*
Median [25th;75th]®
Unigue diagnosis per 59.0[32.0;103]  60.0[33.0;103]  71.0[38.0;125]  59.0[29.0;107]  50.0[28.0;88.0] 51.0[28.0;83.0] < 0.001*
participant, Median [25th;75th]
Timespan of records (years), 6.00[3.10;8.10] 6.20[3.30;8.10] 6.50[3.30;8.20] 5.20[2.50;7.90]  5.80 [3.00;8.00]  5.30 [2.90;7.80] < 0.001*
Median [25th;75th]
PRS for Alzheimer’s disease, 0.46 (1.64) 0.16 (1.43) 3.63 (1.58) 0.23 (1.40) 1.07 (1.34) 0.19 (1.39) < 0.001*
Mean (SD)
Alzheimer’s disease case 241 (0.92%) 168 (0.97%) 15 (1.06%) 34 (0.78%) 17 (0.63%) 7 (1.42%) 0.21
count, N (%)

PRS, polygenic risk score; SD, standard deviation.
aAll the statistics were calculated based on non-missing data for each variable.

bDepending whether the row variable is considered as continuous normal distributed (1), continuous non-normal distributed (2) or categorical (3), the following descriptives
and tests are performed: 1- mean, sd, and ANOVA, 2- median, 1st and 3rd quatrtiles, and Kruskal-Wallis test; (3), absolute and relative frequencies and chi-squared
or exact Fisher’s test when the expected frequency is less than 5 in some cells from chi-square test for categorical variables as appropriate, interpreted as differences

between groups.

CAll types of encounters extracted from the EHRs were included, see details in section “Subjects and Methods.” *significant test statistics (o < 0.05).

TABLE 2 | Associations between AD PRS and AD, UCLA ATLAS sample, by genetic ancestry.2

Categorical (top vs. bottom quartile) PRS

Continuous PRS

Nb 0Odds Ratio (95%Cl) N Odds Ratio (95%Cl) AUC: PRS alone (95%Cl)
European 3,829 1.81 (1.18, 2.82) 7,620 1.26 (1.18, 1.40) 0.58 (0.53, 0.63)
African 262 0.91 0.11,7.79) 521 0.95 (0.63, 1.41) 0.55 (0.40, 0.70)
American 544 0.62 0.21,1.72) 1,084 0.97 (0.74, 1.26) 0.50 (0.40, 0.61)
East Asian 448 5.11 (1.09, 37.77) 905 1.88 (1.22, 2.98) 0.66 (0.53, 0.79)
South Asian 65 0.46 (0.01, 7.46) 123 0.80 (0.40, 1.51) 0.60 (0.31, 0.88)

AD, Alzheimer’s Disease; Cl, confidence interval;, PRS, polygenic risk score.

3All the values were based on results from multivariable logistic regression analyses in each sample, in which “no AD” was used as the reference group. ORs were
reported from the models which further adjusted for age, sex, and first five PC sets. AUCs were reported from the models with PRS alone.

bThis number include both AD cases and controls.

arthropathy on AD no longer held after adjusting for the same
demographic and comorbidity variables mentioned above (one-
sample MR with sequential probit models, p = 0.06). The results
suggest that gouty arthropathy is not a causal protective factor of
AD in our European ancestry sample.

We further tested whether gout is the causal protective risk
factors for AD using a two-sample MR approach. This two-
sample MR method does not directly test whether AD PRS is the
instrumental variable, but rather uses multiple variants below a
given p-value threshold from GWAS as the instrumental variable.
We used the Kunkle et al. (2019) AD GWAS and the gout
GWAS conducted by Tin et al. (2019) to perform two-sample
MR analyses. Similar to our one-sample MR, no significant
causal relationship was consistently found from gout to AD
using multiple methods that include IVW, MR-Egger, weighted
median, and weighted mode (Table 5). The F-statistic indicates
adequate instrument strength (liberal: 86.76 > 10; conservative:
123.49 > 10). There was no heterogeneity across different

methods or directional pleiotropy found using multiple measures
(see “Subjects and Methods”). We also performed a sensitivity
analysis to examine the reverse causality of AD on gout. Both one-
sample and two-sample MR results showed no causal relationship
between AD and gout (Supplementary Table 4).

DISCUSSION

Alzheimer’s disease is a complex disease determined by
interactions between genetic risk factors and environmental
modifiers (Baumgart et al., 2015; Xu et al., 2015; Fu et al., 2021;
Ware et al.,, 2021). In our study, we conducted a comprehensive,
ancestry specific PheWAS study using cumulative genetic risk
of AD in a real-world academic medical center population.
We provided evidence for the value of AD PRS to aid in
identifying individuals who are genetically at risk of AD, and
also other related phenotypes including MCI, memory loss
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FIGURE 1 | PheWAS plot for Alzheimer's disease polygenic risk score, European ancestry sample (N = 19,934). 1515 traits (number of cases/controls > 50) are
grouped into 17 color-coded categories as shown on the horizontal axis; the p-values for testing the associations of PRS with the traits were adjusted by FDR and
transformed to minus natural logarithms, shown on the vertical axis. The size of the dot refers to effect size (OR) of AD PRS on traits. All values were based on results
from multivariable logistic regression analyses, in which “no disease/symptom” was used as the reference group, adjusted for age, sex, and first five PCs. The solid
horizontal line for adjusted p = 0.05 cutoff.

TABLE 3 | Significant PheWAS results of Alzheimer’s disease polygenic risk score in the full European ancestry sample (N = 19,934).2

Phecodes Description Group N total N Cases N Controls OR Raw P-value Adjusted P-value?
290.11 Alzheimer’s disease Mental disorders 17,290 168 17,122 1.26 3.17E-05 0.015
292.2 Mild cognitive impairment Mental disorders 17,470 359 17,111 1.18 1.81E-05 0.013
292.3 Memory loss Mental disorders 18,583 1,470 17,113 1.10 2.88E-06 0.004
290.1 Dementias Mental disorders 17,585 479 17,106 1.14 1.26E-04 0.046
27411 Gouty arthropathy Endocrine/metabolic 19,489 656 18,833 0.90 1.73E-04 0.050

OR, odds ratio.

aAll the values were based on results from multivariable logistic regression analyses in each sample, in which “no disease/symptom” was used as the reference group,
and adjusted for age, sex, and first five PC sets.

bThe adjusted p-value was calculated by controlling the FDR.

TABLE 4 | Results of logistic regression and one-sample Mendelian randomization testing associations and causality between gouty arthropathy and Alzheimer's
disease, European ancestry (N = 14,511).2

Logistic regression test for association One-sample MR test for causality
Odds ratio (95 Cl%) Beta coefficient? p-value
Crude 2.48 (1.11,4.79) -29.71 0.04*
Adjusted demographics? 1.18 (0.49, 2.28) -5.71 0.03*
Adjusted health conditions® 1.02 (0.44, 2.09) -3.62 0.06

AD, Alzheimer’s disease; Cl, Confidence Interval; MR, Mendelian randomization; PRS, polygenic risk score.

aAll the values were based on results from multivariable logistic regression analyses in each sample, in which “no Alzheimer’s disease” was used as the reference group.
bAdjusted for age, sex, number of follow-up years, and five ancestry-specific PC sets.

CAdjusted for history of hypertension, diabetes, stroke, and hyperlipid in addition to variables in b.

9Beta coefficients for the causal estimates from gouty arthropathy to AD. *significant test statistics (p < 0.05).

and dementias in the European ancestry. We identified non- is essential to broaden our understanding for the genetic
neurodegenerative diseases, especially gout, associated with AD  architecture of AD. These PheWAS results also provide insights
PRS. Understanding horizontal pleiotropy for AD genetic risk on potential side effects of drugs targeting these genetic risk
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TABLE 5 | Two-sample Mendelian randomization to test causal relationship between gout status and Alzheimer’s disease.?

Instrument Mendelian randomization method Beta SE P-value Sensitivity test Results
Evaluate gout causal for AD
Liberal IVW (fixed effects) 0.022 0.019 0.24 F statistic (combined instrument) 86.76
p < 1E-06 IVW (multiplicative random effects) 0.022 0.020 0.25 Cochran’s Q (for IVW) p=0.34
(n_SNP = 48) MR Egger 0.079 0.032 0.02* MR-Egger intercept p=0.03
Weighted median 0.057 0.029 0.05 MR-PRESSO global test p=0.26
Weighted mode 0.054 0.028 0.06 12 test 0.99
Conservative IVW (fixed effects) 0.025 0.021 0.22 F statistic (combined instrument) 123.49
p < BE-08 IVW (multiplicative random effects) 0.025 0.019 0.19 Cochran’s Q (for IVW) p=0.67
(n_SNP = 29) MR Egger 0.059 0.034 0.10 MR-Egger intercept p =022
Weighted median 0.054 0.030 0.07 MR-PRESSO global test p=0.20
Weighted mode 0.056 0.030 0.08 12 test 0.99

IVW, inverse variance weighted; SE, standard error.

aThe F-statistics was not able to be calculated because the Kunkle GWAS summary statistics did not report allele frequency. *significant test statistics (p < 0.05).

factors in AD (Nguyen et al., 2019). For example, because AD
PRS and gout have a negative association, drugs targeting
AD genetic risk factors may increase risk of gout. Finally, we
performed thorough analyses evaluating the causality between
significant associations, which shows that gout was not a causal
risk factor for AD. The evaluation of causality is an important
component to infer the temporal order of diseases and better
understand protective and risk factors of AD.

We constructed an AD PRS that summarized the aggregated
AD genetic risks based on prior GWAS. We found moderate
prediction power of the AD PRS in the European and East
Asian ancestry sample, but poor predictive power in other non-
European ancestry samples. We expected poor performance in
non-European ancestry samples as our methods for computing
the AD PRS depended on summary statistics from a GWAS
including only participants of the European ancestry (Kunkle
et al., 2019). Prior studies have found in multiple diseases that
PRS constructed from European ancestry GWAS results in poor
predictive performance in non-European ancestry populations
(Duncan et al.,, 2019; Martin et al., 2019). Furthermore, we
had small sample sizes for PheWAS in non-European ancestry
samples (Table 2). The significant association of the European
GWAS-based AD PRS with East Asian ancestry may be due
to some shared genetic architecture for AD genetic risk. Prior
studies found associations between a polygenic risk model using
significant AD risk loci from European AD GWAS and AD in
Chinese cohorts (Xiao et al., 2015; Zhou et al., 2020).

We then performed a primary PheWAS. In the European
samples, we observed a significant positive association between
AD PRS and AD, along with multiple cognitive phenotypes (MCI,
memory loss, and dementias). Prior studies have identified an
association of AD PRS with MCI (Logue et al., 2019) and the
conversion of MCI to AD (Chaudhury et al., 2019; Logue et al.,
2019). Our study further supports that AD PRS is associated with
MCI in an EHR cohort. We also observed a borderline association
between AD PRS and delirium dementia and amnestic and other
cognitive disorders. Whereas it is known Alzheimer’s disease and
dementias are risk factors for delirium (Fick et al.,, 2002; Fong
et al., 2009), prior work has not evaluated the association of AD

PRS and delirium. The association of AD PRS and these cognitive
phenotypes including memory loss and dementias may also be
due to the fact they are comorbid with or precede a diagnosis
of Alzheimer’s disease (Varatharajah et al,, 2019; Alzheimer’s
Association, 2021). Our results from an EHR cohort suggest that
using AD PRS to predict not only AD but also MCI and delirium
should be further explored.

We also found a significant association between gouty
arthropathy and AD PRS. We conducted multiple sensitivity
analyses to explore whether the associations of AD PRS with
gout and AD PRS with AD were driven by horizontal pleiotropy,
in which genetic variants convey risk independently to two
different phenotypes, or vertical pleiotropy, in which genetic
variants convey risk to one phenotype, which in turn raises or
lowers risk for the secondary phenotype (Zheutlin et al., 2019).
In the European ancestry sample, we observed that gout was not
causally related to AD using one-sample and two-sample MR.
This result was also consistent with the null association found
between gout and AD given by logistic regressions testing gout
and AD without considering AD genetic risk and correcting for
confounders (Table 4). Although gout commonly has an earlier
age of onset than AD (Lu et al, 2016), which indicates that
there is unlikely to be a causal relationship from AD to gout,
we tested for reversal causality from AD to gout in our study as
a sensitivity analysis and the null-causal relationship still held.
Taken as a whole, gout is a horizontal pleiotropic factor of AD;
that is, AD genetic variants have a negative effect on gout, but
gout is not a causal risk factor for AD when considering other
confounders.

The association of gout with AD has had mixed findings in
prior work. Hyperuricemia is the key causal precursor for gout
and has been proposed as a mechanistic link to AD (Lu et al,,
2016). Uric acid is considered as a major natural antioxidant
in plasma that reduces oxidative stress and protects against free
radicals, which are elevated in AD (Tuppo and Forman, 2001;
Polidori and Mecocci, 2002; Reddy, 2006; Al-Khateeb et al,
2015). Other cross-sectional studies of serum uric acid reported
no difference in concentration in AD and MCI patients compared
to healthy controls (Polidori and Mecocci, 2002).
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There are several distinct aspects to our study. We used
LDpred2 method to build our AD PRS. Since association tests in
GWAS:s are typically performed one SNP at a time, the presence
of strong correlation structures across the genome, also known as
LD, will likely cause bias in the independent effect estimates (Choi
et al,, 2020). LDpred is a popular method for deriving polygenic
scores to account for LD. It implements a Bayesian shrinkage
model which uses a prior on effect sizes and LD information
from an external reference panel to infer the posterior mean
effect size of each SNP (Vilhjalmsson et al., 2015). LDpred2 is
an updated version of LDpred that addresses the issues of model
misspecification while improving the computational efficiency.
Specifically, LDpred2 (auto model) allows the learning of the two
LDpred parameters (the proportion of causal variants p and the
SNP heritability h?) from data, which can therefore be applied
to data without the need of a validation dataset to choose best-
performing hyperparameters (Privé et al., 2020). In addition, we
used Firth’s corrected logistic regression in our Phe WAS analyses.
The Firth’s bias correction can solve the problem of separation
in logistic regression and provide well-controlled type I error
rates for unbalanced case-control studies with relatively small
sample counts (Wang, 2014). Finally, we used thorough MR
analyses to study causal inferences of gout and AD. MR has the
advantages of removing unmeasured confounding, and the use of
both one-sample and two-sample MR could be complementary
to each other. The advantage of one-sample MR is the use of
individual participant data rather than summary data, whereas
the advantage of two-sample MR is the increased statistical power
and thus can provide more robust causal results. However, some
assumptions, such as the exclusion restriction assumption, are
difficult to completely verify as all true confounders for gout and
AD are unknown (Burgess et al., 2015).

There are limitations to this study. Given the non-significant
results of AD PRS and AD in non-European ancestry samples, the
PheWAS results may not be generalizable to these populations.
Although large AD GWAS is not currently available in other
ancestry groups, future work should perform PheWAS with
AD PRS from ancestry specific GWAS. Because thorough MR
analysis did not identify a causal relationship between gout and
AD, and MR methods do not consider temporal data, we did not
consider the temporal ordering of gout and AD diagnosis.

In summary, this study expands our understanding of AD
genetic and clinical risk factors and provides a framework for
evaluating horizontal and vertical pleiotropy that can be used
in aging research. With the growing number of real-world EHR
linked with genetic data, continued research will improve our
ability to use genetics, biomarkers, and clinical risk factors, some
of which will be causal, for early disease prediction and treatment.
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Objective: Age-related macular degeneration (AMD) causes visual damage and
blindness globally. The purpose of this study was to investigate changes in functional
connectivity (FC) in AMD patients using resting-state functional magnetic resonance
imaging (rs-fMRY).

Subjects and Methods: A total of 23 patients (12 male, 11 female) with AMD were
enrolled to the AMD patients group (AMDs), and 17 healthy age-, sex-, and education-
matched controls (9 male, 8 female) to the healthy controls group (HCs). All participants
underwent rs-fMRI and mean FC values were compared between the two groups.

Results: Significantly higher FC values were found in the inferior frontal gyrus
(IFG), superior frontal gyrus (SFG), inferior parietal lobule (IPL), rectal gyrus (RTG),
and superior parietal lobule (SPL) in AMDs compared with HCs. Conversely, FC
values in the cerebellum posterior lobe (CPL), middle cingulate gyrus (MCG), medulla
(MDL), cerebellum anterior lobe (CAL), and thalamus (TLM) were significantly lower in
AMDs than in HCs.

Conclusion: This study demonstrated FC abnormalities in many specific cerebral
regions in AMD patients, and may provide new insights for exploration of potential
pathophysiological mechanism of AMD-induced functional cerebral changes.

Keywords: age-related macular degeneration, rs-fMRI, functional connectivity, middle cingulate gyrus, thalamus
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INTRODUCTION

As a prevalent, chronic and progressive disease of the macula,
age-related macular degeneration (AMD) is the leading cause
of central vision impairment worldwide. The prevalence of
AMD ranges from 6.8% in Asians to 12.3% in Europeans,
is lower in Africans than in Europeans, but similar between
Asians and Africans (Kawasaki et al., 2010; Laude et al., 2010;
Wong et al, 2014). Major visual impairment occurs mainly
in the late stages of AMD in one of two forms: neovascular
(wet) AMD and geographic (dry) atrophy. Age is an important
risk factor for AMD, other strong and consistent risk factors
being darker iris pigmentation (Chakravarthy et al., 2010),
previous cataract surgery (Cugati et al., 2006), cigarette smoking
(Seddon et al, 1996), and obesity (Seddon et al, 2003).
In clinical practice, fundus fluorescein angiography (FFA),
optical coherence tomography, and fundus autofluorescence
imaging are now extensively applied in diagnosis and to
guide management of AMD (Lim et al, 2012). However,
these examinations may not be suitable for patients with
severe ocular media opacity or significant disease such as
heart or renal failure. Advances have been made in disease
detection and diagnosis allowing for rapid intervention,
monitoring, and amelioration of the disease, improving
prognosis, and evaluation.

Resting-state functional magnetic resonance imaging (rs-
fMRI) is widely performed to assess cerebrum functional
connectivity (FC), which is temporally correlated within resting
state functional networks. rs-fMRI is increasingly applied to map
the representation of cerebral function in many diseases, such
as amyotrophic lateral sclerosis (Douaud et al., 2011), traumatic
brain injury (Mayer et al, 2015), stroke (Puig et al., 2018),
and Alzheimer’s disease (Zhao et al, 2020), and has proven
valuable for characterizing and analyzing cerebral activity in the
resting state (Damoiseaux et al., 2006; De Luca et al., 2006) and
in task performance (Spreng and Grady, 2010). Based on the
correlation between the anatomical structure and physiological
functions of the retina and cerebrum (Wong et al, 2001b;
Patton et al,, 2005), the potential of retinopathy to provide
indirect indicators of intracerebral lesions has attracted extensive
attention (Fuller et al., 2001; Wong et al., 2001a, 2002; Yatsuya
et al., 2010). Abnormal spontaneous FC has been observed
in ophthalmic diseases such as glaucoma (Li et al, 2017),
amblyopia (Ding et al., 2013; Liang et al., 2017), and strabismus
(Yan et al,, 2019). The frontal, thalamic and temporal cerebral
regions comprise the default mode network, which participates
in memory, emotional, and cognitive functions (Raichle, 2010;
Zhang and Raichle, 2010). Therefore, we hypothesize that FC
is abnormal in AMD patients, and that relevant cognition-
related or connectivity changes in visual areas may result in
anxiety and depression.

To explore this possibility, rs-fMRI was used to measure
cerebral FC, promoting an in-depth understanding of the
potential neural mechanism of cerebrum visual pathway injury
in patients with AMD (Figure 1), and allowing better evaluation
and improved prognosis for patients.

MATERIALS AND METHODS

Subjects

A total of 23 subjects with AMD (12 males, 11 females) were
recruited to the AMD group (AMDs) at the First Affiliated
Hospital of Nanchang University (Nanchang, China) according
to the inclusion criteria described in previous publications (Seiple
etal., 2005; Zuo et al., 2020). Information about the AMD patients
is provided in section “Results.” Seventeen healthy controls (HCs)
(9 male and 8 female subjects) without AMD were recruited to
the HCs group. The two groups were matched for age, gender,
handedness, educational level, and total intracranial volume. The
inclusion criteria for HCs were as follows: (1) no history of AMD
or other ocular disease; (2) no MRI contraindications; (3) no
history of drug or alcohol abuse; and (4) no neurological or
psychiatric diseases.

This study was conducted in accordance with the Declaration
of Helsinki, and was approved by the Medical Ethics Committee
of the First Affiliated Hospital of Nanchang University. All
participants signed declarations of informed consent.

Functional Magnetic Resonance Imaging

Parameters

The MRI scans were performed using a 3-T MR scanner (Trio;
Siemens, Munich, Germany). T1-weighted (T1W) gradient echo
images were acquired using the following parameters: TR/TE
1,900/2.26 ms; gap 0.5 mm; slice thickness 1.0 mm; acquisition
matrix 256 x 256; field of view 250 x 250 mm; and flip
angle 9°. Functional images were processed using the following
parameters: TR/TE 2,000/30 ms; gap 1.2 mm; slice thickness
4.0 mm; acquisition matrix 64 x 64; field of view 220 x 220 mm;
flip angle 90°; number of axial slices 29. All participants were
awake with eyes closed for the duration of the scan.

Functional Magnetic Resonance Imaging

Data Processing

The fMRI data were classified using MRIcro software,' and
processed using statistical parametric mapping software’ and
the rs-fMRI Data Analysis Toolkit (REST?), using the Data
Processing Assistant for Resting-State fMRI (DPARSF) software*
for resting-state fMRI. This methodology has been described
previously (Chao-Gan and Yu-Feng, 2010; Huang et al.,, 2016).
The first 10 volumes from each participant were eliminated
to ensure the stability of signal values, and images were
motion corrected. Data were smoothed using a Gaussian at
full width half-maximum of 8 x 8 x 8 mm. Bandpass
filtering (0.01-0.08 Hz) and image detrending were applied to
reduce the influence of other factors that may lead to errors
(Lowe et al., 1998).

'www.MRIcro.com
http://www.filion.ucl.ac.uk/spm/
Shttp://www.restfmri.net
*http://rfmri.org/ DPARSF
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FIGURE 1 | Fundus photograph (A) and fluorescence fundus angiography image (B) of age-related macular degeneration. The fundus photograph shows bleeding
and exudation in the macular area, while the leakage of strong fluorescein spot and shadowing fluorescein at the macular area are shown in the fundus fluorescein
angiography image. Red arrow indicates bleeding, and yellow arrows indicate the leakage.

Functional Connectivity Analysis

The GIFT v3.0b toolbox® was used for preprocessing analysis
(Calhoun et al., 2001), and the rs-fMRI data preprocessing was
performed using Data Processing & Analysis for Brain Imaging
software (DPABI®) (Yan et al., 2016). The generalized linear
model and one-way analysis of covariance were used to generate
the FC maps. A previously published resting-state network
template (Ding et al., 2011) was applied. This approach has been
described in detail previously (Li et al., 2019).

Statistical Analyses

SPSS software version 19.0 (IBM Corporation, Armonk, NY,
United States) was used to analyze the processed data. Two-
sample t-tests and Gaussian Random-Field theory were applied
to correct for multiple comparisons. The correction parameters
were set to voxel-level threshold of 0.005 and cluster-level

Shttp://icatb.sourceforge.net/
Shttp://www.rfmri.org/dpabi

TABLE 1 | Clinical characteristics of patients between AMDs and HCs.

Characteristics AMDs HCs t-Value P-Values
Male/female 12/11 9/8 0.124 0.972
Age (years) 55.72 £529 56.33+5.62 —0.361 0.819
Weight (kg) 57.49+7.72 58.41+6.21 -0.484 0.876
Handedness (left/right) 0/23 017 NA NA
Duration (years) 0.83 + 0.49 NA NA NA
Best-corrected VA, left 0.15 £ 0.06* 1.06 £0.18 —2.732 0.031
Best-corrected VA, right  0.22 £+ 0.09* 1.12+034 -3.052 0.028
IOP, left 15.62 £3.27* 16.02 +4.11 —-2.853 0.026
IOP, right 14.63 £3.25* 15.64 +£3.46 —2.792 0.024

Independent t-tests comparing the two groups (*P < 0.05) represented statistically
significant differences.

AMDs, age-related macular degeneration group,; HCs, healthy controls; NA, not
applicable; VA, visual acuity; IOR, intraocular pressure.

threshold of 0.05, using a two-sided test. Age, gender, handedness
and educational level were regression covariates. P-values < 0.05
were considered statistically significant. In addition, receiver
operating characteristic (ROC) curves were generated to compare
data from specific cerebral regions between the AMDs and HCs.

Correlation Analysis

The Hospital Anxiety and Depression Scale (HADS) was
completed by all participants. GraphPad Prism 8 software
(GraphPad Inc., San Diego, CA, United States) was used for
Pearson’s correlation analysis, and to evaluate and plot the linear
correlation between HADS scores and mean FC signal values of
the middle cingulate gyrus (MCG) and thalamus.

RESULTS

Demographic and Clinical

Characteristics

No significant differences in age (P = 0.819), weight (P = 0.876),
or duration (P > 0.05) was found between AMDs and HCs.
However, intraocular pressure (IOP) and binocular best corrected
visual acuity were significantly different (P < 0.05) between the
two groups. Details are shown in Table 1.

Seed Regions of Interest

The different insula subregions for resting-state FC patterns
between the AMDs and HCs are shown in Figure 2. The
ventral anterior insula (VAI) is chiefly connected with the limbic
cortices and pregenual anterior cingulate mediating affective
processes, while the dorsal anterior insula (dAI) connects
with the dorsolateral prefrontal cortex and dorsal anterior
cingulate cortex contributing to regulation of cognitive processes.
Moreover, the posterior insula (PI) was predominantly connected
with sensorimotor cortices. The three insular subregions were
considered seed regions of interest to study the variability
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FIGURE 2 | Resting-state functional connectivity patterns of insula subregions in AMDs and HCs. AMDs, age-related macular degeneration group; HCs, healthy
controls; VAI, ventral anterior insula; dAl, dorsal anterior insula; P, posterior insula; L, left; R, right.
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TABLE 2 | Cerebral areas showing functional connectivity differences with insular subdivisions between AMDs and HCs.

Seed-ROIs Cerebral areas L/R MNI coordinates Number of voxels t-Values
X Y V4
Left vAl
Cerebellum posterior lobe L -30 —75 —42 43 —4.547
Inferior frontal gyrus L —-12 42 -30 65 4.309
Superior frontal gyrus R 12 60 —12 73 4122
Inferior parietal lobule L —45 —36 42 72 3.945
Right vAl
Cerebellum posterior lobe /R 6 —75 33 65 —3.478
Middle cingulate gyrus L -9 —-12 36 50 —3.609
Left dAl
Rectal gyrus L —6 36 27 40 3.986
Superior parietal lobule R 33 —63 66 46 5.196
Right dAI
Medulla L —6 —48 —51 42 —3.478
Cerebellum posterior lobe L —24 —75 -39 68 —4.632
Left PI
Cerebellum anterior lobe R 30 —-30 -39 42 —3.908
Inferior frontal gyrus L —12 36 —-30 61 4.419
Right PI
Thalamus R 12 -30 0 50 —-3.875

Voxel level P < 0.01, AlphaSim corrected.

AMDs, age-related macular degeneration group; HCs, healthy controls; L/R, left/right; vAl, ventral anterior insula; dAl, dorsal anterior insula; Pl, posterior insula.

of resting-state FC in specific subregions of the insula for
first episode schizophrenia and clinical high risk for psychosis
(Lietal., 2019).

Group Differences in Functional

Connectivity

The FC in specific cerebral regions are shown in Table 2 and
Figure 3. We found that the mean FC values in inferior frontal
gyrus (IFG), superior frontal gyrus (SFG), inferior parietal lobule
(IPL), rectal gyrus (RTG), and superior parietal lobule (SPL)
were statistically significantly higher in AMDs than in HCs,
while values in cerebellum posterior lobe (CPL), MCG, medulla
(MDL), cerebellum anterior lobe (CAL), and thalamus (TLM)
were significantly lower in AMDs.

Receiver Operating Characteristic Curve

Receiver operating characteristic curve analysis was used to
verify differences and to explore whether FC values of specific
cerebral regions have potential as biomarkers to differentiate
patients with and without AMD. The individual areas under
the curves (AUCs) of FC values within the range of regions
are as follows: left vAI CPL (0.934, P < 0.001), IFG (0.854,
P < 0.001), SFG (0.831, P < 0.001), and IPL (0.806, P = 0.001);
right vAI CPL (0.890, P < 0.001) and MCG (0.916, P < 0.001)
(Figure 4A); left dAI RTG (0.821, P = 0.001) and SPL
(0.841, P < 0.001); right dAI MDL (0.951, P < 0.001) and
CPL (0.957, P < 0.001) (Figure 4B); left PI CAL (0.980,
P < 0.001) and IFG (0.834, P < 0.001); right PI TLM
(0.872, P < 0.001) (Figure 4C). These findings indicate

that the mean FC values of specific cerebral regions can
accurately distinguish AMDs from HCs, and may be applied as
diagnostic biomarkers.

Correlation Analysis

Statistically significant positive correlations were found between
HADS scores and overall FC values in the MCG (r = 0.8434,
P < 0.0001 for anxiety and r = 0.8116, P < 0.0001 for
depression; Figures 5A,B), and thalamus (r = 0.9298, P < 0.0001
for anxiety and r = 0.8819, P < 0.0001 for depression;
Figures 5C,D) in AMDs.

DISCUSSION

Foveal scotoma due to macular photoreceptor atrophy in AMD
has caused vision loss and blindness for a large number
of individuals globally, particularly in developed countries
(Rosengarth et al., 2013; Wong et al., 2014). Previous studies
in animals (Kaas et al., 1990; Darian-Smith and Gilbert, 1995;
Giannikopoulos and Eysel, 2006) and humans (Pascual-Leone
et al., 2005; Liu et al., 2007) have demonstrated altered cerebral
functions in response to reduced visual input, but the extent
of cerebral changes associated with AMD remains unclear and
has attracted the attention of many researchers. Our study has
indicated that FC values are significantly increased in the IFG,
SEG, IPL, RTG, and SPL, and decreased in the CPL, MCG, MDL,
CAL, and TLM in AMDs compared with HCs (Figure 6). These
findings may reflect compensatory changes supporting cerebral
performance in AMD patients with vision loss.
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FIGURE 3 | Functional connectivity group differences in insular subregions within different cerebral areas are shown (A-L). (A,C), (B,D), (E,G), (F,H), (1,K), and (J,L)
show cerebral regions of altered FC in the left VA, right VAI, left dAl, right dAl, left PI, and right PI, respectively. *P < 0.01. AMDs, age-related macular degeneration
group; HCs, healthy controls; VAI, ventral anterior insula; dAl, dorsal anterior insula; P, posterior insula; CPL, cerebellum posterior lobe; IFG, inferior frontal gyrus;
SFG, superior frontal gyrus; IPL, inferior parietal lobule; MCG, middle cingulate gyrus; RTG, rectal gyrus; SPL, superior parietal lobule; MDL, medulla; CAL,

cerebellum anterior lobe; TLM, thalamus.

Previous MRI research on the impact of AMD on cerebral hypothesize that AMD not only causes changes in cerebral
regions is shown in Table 3 and the underlying functions of FC patterns affecting visual pathways, language, cognitive and
specific areas of the cerebrum are shown in Table 4. We could memory, but also strengthens internetwork connections via a
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anterior lobe; TLM, thalamus.
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FIGURE 4 | Receiver operating characteristic curve analysis of the mean FC values for the specific cerebral regions. (A) The area under the ROC curve of FC values
were presented as follows: the CPL (0.934, 95% CI: 0.833-1.000), IFG (0.854, 95% Cl: 0.730-0.978), SFG (0.831, 95% Cl: 0.696-0.966), and IPL (0.806, 95% Cl:
0.666-0.945) in left vAl, CPL (0.890, 95% CI: 0.790-0.990) and MCG (0.916, 95% CI: 0.830-1.000) in right VAI. (B) The AUCs of FC values in dAl were as follows:
RTG (0.821, 95% Cl: 0.693-0.949) and SPL (0.841, 95% Cl: 0.719-0.964) in left dAl, MDL (0.951, 95% ClI: 0.886-1.000) and CPL (0.957, 95% CI: 0.899-1.000) in
right dAl. (C) The AUGCs of FC values in Pl were as follows: CAL (0.980, 95% Cl: 0.944—-1.000) and IFG (0.834, 95% Cl: 0.705-0.962) in left PI, TLM (0.872, 95% Cl:
0.758-0.987) in right PI. vAl, ventral anterior insula; dAl, dorsal anterior insula; P, posterior insula; CPL, cerebellum posterior lobe; IFG, inferior frontal gyrus; SFG,
superior frontal gyrus; IPL, inferior parietal lobule; MCG, middle cingulate gyrus; RTG, rectal gyrus; SPL, superior parietal lobule; MDL, medulla; CAL, cerebellum

loss of inhibitory signals that accompany visual stimulation
or contribute to recruitment of new networks to support and
complete visually mediated tasks. Whitson et al. (2015) found
relatively high resting-state FC values in AMD patients in
the IFG, superior temporal gyrus (STG), inferior parietal lobe
(IPL), superior parietal lobe (SPL), supramarginal gyrus (SMG),
supplementary motor area (SMA), and precentral gyrus (preCG).
They also found high connectivity between SMA and SPL as well
as SMA, IPL and IFG which are implicated in motor/visuospatial
function, with strong connectivity within the reference links

and default mode network compared to HCs. Furthermore,
the AMDs showed stronger relationships between connectivity
and memory performance in the inferior and medial temporal
gyri, temporal pole, IFG, SFG, MFG, posterior cingulate cortex,
and medial prefrontal cortex compared to control participants,
while the resting default mode network in the bilateral posterior
cingulate cortex, anterior cingulate cortices, and precuneus were
similar in these groups (Zuo et al., 2020). One study indicates
that AMDs exhibit increased cerebral activation in a widely
distributed cortical network including SPL, IPL, the frontal
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FIGURE 5 | Correlations between the clinical behaviors and FC values in middle cingulate gyrus and thalamus. (A) The anxiety scores showed a positive correlation
with FC values in middle cingulate gyrus (0.8434, 95% CI: 0.6610-0.9317); (B) the depression scores showed a positive correlation with FC values in middle
cingulate gyrus (0.8116, 95% CI: 0.6002-0.9170); (C) the anxiety scores showed a positive correlation with FC values in thalamus (0.9298, 95% Cl:
0.8392-0.9702); (D) the depression scores showed a positive correlation with FC values in thalamus (0.8819, 95% CI: 0.7380-0.9491). FC, functional connectivity;
AS, anxiety scores; DS, depression scores.
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FIGURE 6 | The mean FC values of cerebrum in AMD participants. Compared with HCs, the AMDs showed abnormal signals in specific cerebral regions as
followed: 1. inferior frontal gyrus (left VAI, t = 4.309; left PI, t = 4.419), 2. superior frontal gyrus (t = 4.122), 3. inferior parietal lobule (t = 3.945), 4. rectal gyrus

(t = 3.986), 5. superior parietal lobule (t = 5.196), 6. cerebellum posterior lobe (left VAI, t = —4.547; right VA, t = -3.478; right dVI, t = -4.632), 7. middle cingulate
gyrus (t = -3.609), 8. medulla (t = -3.478), 9. cerebellum anterior lobe (t = -3.908), and 10. thalamus (t = -3.875).

eye fields, and the prefrontal cortex (Szlyk and Little, 2009). significantly higher in AMDs than in HCs, suggesting that a
These results directly and indirectly support our findings that positively FC was correlated with these specific cerebral regions
the mean FC values in IFG, SFG, IPL, RTG, and SPL are involved in the regulatory mechanism of AMD to achieve
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TABLE 3 | Current research status of fMRI and AMD in specific cerebral regions.

Author (Y) Average age Number fMRI Objective of cerebrum Cerebral regions
Y) (P/HC, M/F) function
Little et al., AMDs, 55-83; 18 (6/12, 8/10) Yes Cortical networks underling Increased: preFC, intraparietal sulci, FEFs,
2008 Control, 22-78 oculomotor function supplementary eye fields;
Decreased: visual cortex (MT/V5, V2/V3,
and V1).
Rosengarth AMDs, 55-84; 16 (9/7, 6/10) Yes Training-related changes in Increased: fusiform gyrus, ITG, and lateral
etal, 2013 Control, 51-83 cerebellum occipital cortex;
No differences: visual area (V1, V2, and
V3).
Zuo et al., 2020 AMDs, 83 (42/41, Yes Quantify the strength of Increased: TG, MTG, temporal pole, IFG,
75.3 +8.9; 40/43) functional connectivity SFG, MFG, PCC, and medial preFC;
Control, No differences: bilateral PCC, ACC, and
745 +£7.2 precuneus.
Whitson et al., AMDs, 23 (7/16, 9/14) Yes Functional connectivity and Increased: left IFG, left STG, bilateral IPL,
2015 799 +£7.5; phonemic fluency right SPL, right SMG, right SMA, and right
Control, precentral gyrus.
68.3 +3.4
Szlyk and Little, AMDs, 55-83; 12 (6/6, 5/7) Yes Cortical networks underling Increased: supplementary motor regions,

2009

Control, 54-78

word recognition and
processing

FEFs, IPL and SPL, preFC;

Decreased: SPL and IPL, primary and
secondary visual cortices, FEFs, bilaterally
SPL, supplementary motor regions and eye
fields, and LFG.

Y, year; B, patient; HC, healthy control; M, male; F, female; AMDs, age-related macular degeneration patients; ITG, inferior temporal gyrus; MTG, medial temporal gyrus;
IFG, inferior frontal gyrus, SFG, superior frontal gyrus;, MFG, middle frontal gyrus; PCC, posterior cingulate cortex; preFC, prefrontal cortex; ACC, anterior cingulate
cortices; STG, superior temporal gyrus; IPL, inferior parietal lobe; SMG, supramarginal gyrus; FEFs, frontal eye fields; SMA, supplementary motor area; SPL, superior
parietal lobe; LFG, left fusiform gyrus.

TABLE 4 | Alternation of cerebral regions and its potential effects.

Cerebral regions

Experimental

Cerebral functions

Anticipate effects

results
Cerebellum AMDs < HCs Coordinate sensory and motor functions, and participate in Dyskinesia and difficulty in fine motion
posterior lobe higher cognitive functions
Inferior frontal gyrus AMDs > HCs Involved in language processing and cognitive functions Bipolar disorder
Superior frontal AMDs > HCs Involved in cognitive and motor control, and the execution Parkinson’s disease and motor aphasia
gyrus of working memory
Inferior parietal AMDs > HCs Involved in the processing of various sensory, perceptual Gerstmann’s syndrome and Schizophrenia
lobule and cognitive functions
Middle cingulate AMDs < HCs Manage emotion, cognition, and movement, and integrate Affective and cognitive dysfunction, visual
gyrus visual information function abnormals
Rectal gyrus AMDs > HCs Decision making, reward processing, planning, and Epilepsy
reasoning
Superior parietal AMDs > HCs Participates in somatosensory and working memory, and Cortical sensory disorders, such as loss of
lobule coordinates visual and motor functions position, entity, and recognition
Medulla AMDs < HCs Control all non-conscious daily activities Partial sensory loss, hemiplegia, and
hemianopia
Cerebellum anterior AMDs < HCs mediating unconscious proprioception, and regulate Cerebellar ataxia
lobe muscular tension
Thalamus AMDs < HCs Sensory processing, memory function, emotion, associated Emotional problems, endocrine disease,

with visual function

and visual dysfunction

adaptability and plasticity in various functions such as vision,
cognition, and memory.

In addition, one study showed significantly increased gray
and white matter in the CPL during a period of oculomotor
training in AMD compared with controls (Rosengarth et al.,
2013), while no difference was found in white matter of the

cingulum hippocampus, cingulate, or the thalamus (Yoshimine
et al., 2018). In addition, volumetric reductions were found in
the optic radiations, lateral geniculate bodies and visual cortex in
AMD patients, as the white matter in frontal lobe was decreased
in AMD but not in juvenile macular degeneration (Hernowo
et al, 2014). The activation with significant clusters showed
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FIGURE 7 | Relationship between FC values and emotional status. The mean FC values presented obvious abnormalities in many specific cerebral regions of AMD
patients in contrast to healthy controls, and AMD patients appear to be more prone to anxiety and depression.

leakage of strong
fluorescein spot

Neovasenfarigation

FIGURE 8 | Relationship between FC and clinical manifestation of AMD. The retinal macular is stimulated by a variety of growth factors and inflammatory factors
resulting in neovascularization, hemorrhage, and exudation, further leading to visual impairment and changes in specific cerebral regions.

marked reduction in the parietal lobules in AMD patients (Little
etal., 2008). Since the lateral geniculate body, optic radiation, and
visual cortex are vital parts of the visual pathways, AMD patients
may have changes in these specific areas. Szlyk and Little (2009)
found decreased activation in the left SPL and IPL, primary and
secondary visual cortices, frontal eye fields, bilateral superior
parietal regions, supplementary motor regions, eye fields, and left
fusiform gyrus in AMD patients relative to controls. However,
the results of the present study differ from the above findings

due to differences in race, geographical region, inter-individual
variations and image data processing, but can fully supplement
their research. Previous studies (Hernowo et al., 2014; Prins et al.,
2016a,b) reported reduced cortical volume and abnormality of
white matter in the visual cortex in AMD. The results of these
studies suggest that AMD may cause widespread changes in
cerebral regions and suggest a strong association between AMD
and changes in specific cerebral regions, and their corresponding
major effects, and are further supported by the current work.
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Whether changes in cerebral activity are consequential or
adaptive in AMD and the exact mechanism underpinning them
remains unclear. Apoptosis of retinal nerve cells, especially
in the macular area, could affect changes in cerebral tissue
properties through transsynaptic degeneration in AMD (Haak
et al., 2016; Prins et al., 2016a). This would lead to decreased
visual signaling from the defective macula and behavioral factors
correlated with loss of visually dependent activities, such as social
interaction and reading (Zuo et al., 2020). The frontal lobe,
cingulate gyrus, temporal gyrus, and thalamus are involved in
cognitive, emotional, and memory functions (Critchley et al.,
2004; Seitz et al., 2006; Raichle, 2010; Zhang and Raichle, 2010).
Lesions of these cerebral regions are connected with social and
emotional behavior, and could lead to anxiety and depression.
The AMD group in this study showed significant correlations
between connectivity in cerebral regions and HADS scores,
indicating that anxiety and depression scores are linked with
overall FC values, and that abnormal neural electrical activity
may occur in brain regions associated with emotional activity
(Figure 7). Moreover, AMD may result in specific cerebral
regional changes through a variety of mechanisms, including
the loss of cognitive stimulation (a consequence of sensory
disorder), adaptive restructuring of visual pathways, decreased
feedback regulatory signals from visual cortical regions, or by
increased metabolic demand in specific cerebral regions, which
would present alterations in FC and diminished cognitive ability
(Whitson et al., 2015). These changes may promote functional
cerebral reorganization in the fronto-parietal control networks
(Zhuang et al.,, 2018) and primary visual cortex (Masuda et al.,
2008) in AMD to improve vision and prognosis. The mechanism
of cerebral regional changes caused by AMD is a complex process
involving many different brain regions and requires more in-
depth and comprehensive research.

Based on the above studies (Table 4 and Figure 8), it could
be suggested that AMD patients have abnormalities in several
cerebral regions. The current study has some limitations. A cross-
sectional and observational approach was adopted in this study,
and the sample size was small, making it difficult to observe the
possible development of cognitive impairment and fMRI changes
associated with AMD, so we have not drawn firm conclusions
about causality of the described relationships. Therefore, an in-
depth, comprehensive and systematic study is needed to elucidate
the mechanisms and correlations of AMD-induced changes
in brain regions.

CONCLUSION

Our study demonstrated abnormal FC values in specific
cerebral regions of AMD patients. These findings can not
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only supplement the theoretical basis for research on the
mechanisms of AMD nerve injury and repair process, but
also form a basis for further exploration of the potential
pathophysiological mechanisms of AMD-induced functional
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Disorders
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Objective: Frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) are
two distinct degenerative disorders with overlapping genetics, clinical manifestations,
and pathology, including the presence of TDP-43 aggregates in nearly 50% of patients
with FTD and 98% of all patients with ALS. Here, we evaluate whether different
genetically predicted body lipid metabolic traits are causally associated with the risk
of FTD with TDP-43 aggregates, compare it to their causal role in the risk of ALS, and
identify genetic variants shared between these two TDP43 related disorders in relation
to lipid metabolic traits.

Methods: We conducted two-sample Mendelian randomization analyses (2SMR) to
evaluate the causal association of 9 body complexion and 9 circulating lipids traits
with the risk of FTD with TDP-43 aggregates and the risk of ALS. The inverse-variance
weighted method was the primary analysis, followed by secondary sensitive analyses.
We then looked for common genetic variants between FTD and ALS in relation to lipid
metabolic traits.

Results: Genetically increased trunk-predicted mass, fat-free mass, and higher
circulating triglycerides levels were suggestively associated with a higher risk of FTD with
TDP-43 aggregates. Circulating lipids, mainly LDL cholesterol, were causally associated
with a higher risk of ALS. We identified two genetic variants, EIF4ENIFT and HNRNPK,
in relation to body complexion and circulating lipids shared between FTD with TDP-43
aggregates and ALS.

Conclusion: This work provides evidence that body complexion and circulating
lipids traits impact differentially on the risk of FTD and ALS, suggesting new and
specific interventional approaches in the control of body lipid metabolism for FTD and
ALS, and identified HNRNPK as a potential link between circulating lipids levels and
these disorders.

Keywords: amyotrophic lateral sclerosis, frontotemporal dementia, lipid metabolism, Mendelian randomization,
TDP-43 related disorders
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INTRODUCTION

Frontotemporal lobar degeneration (FTLD) encompasses a
spectrum of severe neurodegenerative disorders with several
degrees of behavioral, language, cognitive, and motor symptoms.
Frontotemporal dementia (FID) is characterized by neuronal
degeneration of the frontal and anterior temporal lobes of the
brain. It is the second most common cause of early onset
dementia (age < 65) and the third in patients > 65 years (Seltman
and Matthews, 2012; Coyle-Gilchrist et al., 2016; Manzoni and
Ferrari, 2021). Currently, there is no treatment for FTD.

Frontotemporal dementia is mainly sporadic. However,
genetics plays a key role in up to 30% of the cases (Manzoni
and Ferrari, 2021). So far, more than 20 genes involved in
the development of FTLD have been identified. The protein
aggregates, being the largest group characterized by positive
inclusions of TAR DNA binding protein 43 (TDP-43), e.g., FTLD
TDP subtype, are a hallmark of these disorders. Interestingly,
in amyotrophic lateral sclerosis (ALS), another degenerative
debilitating disorder, TDP-43 aggregates are found in up to
98% of the cases studied (Neumann et al., 2006; Geser et al.,
2009). ALS is a neurodegenerative fatal disorder characterized
by the loss of upper and lower motor neurons of the brain
and spinal cord leading to muscle atrophy and death (Kiernan
et al, 2011). ALS and FTD are two ends of a spectrum of
disorders with several mixed intermediate forms (Ferrari et al.,
2011). There are some genes that can cause both ALS or FTD
or mixed forms (DeJesus-Hernandez et al., 2011; Xi et al., 2014;
Karch et al., 2018; Raffaele et al., 2019). There might be some
missing genetics that could help to shed light not only on these
complex disorders, but also on the influence of environmental
risk factors. Especially, the weight and circulating lipids are
complex traits that have been previously associated with ALS
(Dupuis et al.,, 2008; Paganoni et al, 2011), and to a much
lesser extent with FTD. The weight seems to be delineating
the clinical form along the spectrum, with the smaller weight
at the ALS end and the highest weight in the FID end of
the spectrum (Ahmed et al, 2014). Association studies have
revealed that patients with FTD have lipid metabolism alterations
(Kim et al, 2018a; Ahmed et al., 2019). This highlights the
need to deepen in their association and potential causal relation
since adiposity and metabolic traits have become a global health
problem. Additionally, the identification of genetic variants that
might be influencing the clinical form within the ALS/FTD
spectrum of disorders could help predict the impact of these lipid
metabolic risk factors and assist with the stratification of patients
within the spectrum.

Here, we hypothesized that some of the genetic variants
that impact in body lipid metabolic traits could be influencing
the development of particular clinical forms of TDP-43
proteionopathies within the spectrum of disorders of FTD and
ALS. To assess this hypothesis, we used an analytical tool known
as Mendelian randomization analysis (MR) of 2 samples (2SMR)
(Hemani et al., 2018), which allows for the identification of
overlapping genetic variants between several risk factors and
the disease of interest. Thus, we performed a 2SMR study

using the most up-to-date GWAS summary data related to
lipid metabolism in two main blocks: (i) body complexion;
and, (ii) circulating lipids, with an FTLD TDP subtype GWAS
summary data, and, in parallel, another study with GWAS of ALS
(Figure 1). After the comparison of the two studies, we obtained
all the significant SNPs in FTLD TDP subtype and in ALS, and we
identified two genetic variants in relation to lipid metabolic traits
shared between the two diseases of interest.

MATERIALS AND METHODS

Genome-Wide Association Studies
Summary Data for Body Complexion and
Circulating Lipids (Exposures)

We used summary population-level data to conduct the method
of 2SMR to evaluate the possible causal relationship between
different variables related to body lipid metabolism and FTLD
TDP subtype, and compared it to their role in ALS, a related TDP-
43 proteinopathy. We conducted a Pubmed search as well as the
MR-base catalog search of the most recent GWAS studies (until
December 2020) for lifelong lipid metabolism traits, in particular
those related to body composition, body shape and lipid levels in
blood. We selected GWAS datasets using the following criteria:
(i) GWAS with the most recent publication date; (ii)) GWAS that
have not been used in this type of analysis before; (iii) those with
larger sample sizes; and, (iv) GWAS that have the data curated
and were in the MR base catalog.

The exposure traits were separated into two groups: (i) Body
complexion and adiposity, and (ii) circulating lipids. In the
body complexion and adiposity group we included 9 traits:
“Extreme body mass index;,” “body mass index” (BMI), “waist-
to-hip ratio” (WHR), “body fat percentage” (BF%), “trunk
predicted mass,” “trunk fat-free mass,” “appendicular lean mass,”
“impedance whole body,” “whole Body fat mass.” In the
circulating lipids group, we included 9 traits: “Total triglycerides”
(TG), “total cholesterol”(TC), “LDL cholesterol” (LDL), “HDL
cholesterol” (HDL), “linoleic acid,” “docosahexaenoate” (DHA),
“omega 3-fatty acid,” “omega 6-fatty acid,” “total fatty acids.”
The characteristics of the selected GWAS are detailed in
Supplementary Table 1.

Genome-Wide Association Analysis Data
for Frontotemporal Dementia and
Amyotrophic Lateral Sclerosis

(Outcomes)

We used the summary statistics from a GWAS of frontotemporal
lobar degeneration with TDP-43 inclusions (FTLD TDP subtype)
from 2010, with 3,020 cases in the study (Van Deerlin et al.,
2010). We also ran the same study for the outcome ALS, in this
case using the GWAS from 2018, gathering an N of 80,610 with
20,806 cases and 59,804 controls, and 10,031,630 variants in the
analysis (Nicolas et al., 2018). All the populations are of European
ancestry (Supplementary Table 1).
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Assumption 2. Genetic
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FIGURE 1 | Schematic representation of the two independent studies conducted in parallel. Assumptions of a two-sample Mendelian randomization analyses
between the exposures (body complexion and circulating lipids traits) and the outcomes (the risk of frontotemporal dementia TDP43 subtype and amyotrophic lateral
sclerosis). Broken lines represent potential pleiotropic or direct causal effects between variables that would violate Mendelian randomization assumptions.

The Two-Sample Mendelian

Randomization Analyses

We used an algorithm developed by Hemani et al. (2018) and
implemented it into the TwoSampleMR R package (version
4.26). We used RStudio 1.4.1717 (2021) and R 4.1.1 software
to perform the MR analyses. This data package offers a
curated database containing summarized GWAS. This approach
determines whether an exposure is causally associated with an
outcome. Along these lines, the MR analysis carried out was
supported by three assumptions: (i) That instrumental variables
(IVs) are significantly associated with body complexion and
adiposity and circulating lipids; (ii) IVs are not associated with
confounding factors; (iii) the risk of the two outcomes, ALS or
FTD, is only influenced by IVs (Figure 1).

For each of the individual 2SMR analyses performed, the
IVs used for each trait were identified. This identification
is based on the odds ratios per allele (beta) and standard
estimates (SE) for all single nucleotide polymorphisms (SNPs),
using a statistically driven approach that identifies SNPs that
are significantly associated with exposure, setting the threshold
p-values of < 5 x 1078, The applied algorithm then extracts
those SNPs from the outcome (from FTLD TDP subtype and ALS
GWAS datasets in this case), thereby selecting the SNPs found in
both the exposure and outcome datasets. For the SNPs present in
the exposure that are not present in the outcome data, it applies a
clustering method using proxies (r; > 0.9). With all these SNPs,
a harmonization of the data sets is carried out to ensure that the
effect of the size of the SNPs is homogenized. The total number
of IVs used on each of the 2SMR analyses conducted for FTD and
ALS are shown in Figures 2A,B, respectively.

The causal association between the exposures (the lipid
metabolism traits) and the outcome (FTD or ALS) was primarily
assessed by the inverse variance weighted (IVW) method, and

the traits were considered to have an effect when the p-value
was < 0.05. Multiple comparisons were corrected using the
Bonferroni-corrected method. The IVW method has some
assumptions on the independence of the genetic variants,
assuming no horizontal pleiotropy that might be influencing the
relation by other pathways (Burgess et al., 2013). As such, we used
other sensitivity methods that account for pleiotropy to support
the findings, including the MR-Egger regression, the Simple
median, and the weighted median. To ensure the robustness of
the significance of our results, we performed a leave-a-SNP-out
analysis to detect the heterogeneity of the analyses.

We used the scatter plot to visualize how each SNP from the
exposure used in the analysis was associated with the outcome,
with a potential representation of the causal effect estimation of
each of the SNPs.

Identification of Shared Body Lipid
Metabolisms Genetic Variants in
Frontotemporal Dementia and

Amyotrophic Lateral Sclerosis

From all of the 2SMR analyses performed, we extracted all the
SNPs from body complexion and circulating lipid levels that
were significantly associated with FITD TDP subtype, and we
did the same for all the SNPs significantly associated with ALS,
thus creating two lists of putative genetic variants influencing
those two diseases, separating them by the type of trait they
belong to (body complexion or circulating lipids). We then
evaluated specificities and communalities of the SNPs between
the two outcomes (FTD and ALS) using Venn diagrams. We used
bioinformatics open resources as tools to examine the biological
function of those SNPs, including dsSNP, GnomAD, ClinVar, and
functional biological interactions using String.
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4 SNPs for EBMI
19 SNPs for WHR
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156 SNPs for TPM

158 SNPs for TF-Free Mass
165 SNPs for ALM
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60 SNPs for TTry
17 SNPs for Tchol
40 SNPs for LDL
85 SNPs for HDL
9 SNPs for Linoleicacid
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13 SNPs for Omega 3-FA
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® ALS STUDY
SEARCHED GWAS OF BODY COMPLEXION (2020) SEARCHED GWAS OF CIRCULATING LIPIDS (2020) |
| | |
EBMI GWAS (Berndt etal., TF-Free Mass GWAS (Elsworth Total cholesterol (Willer et al., Linoleic acid (Borges etal.,
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T ALM GWAS (Pei etal., 2020; Med. N=441,016) |
Commun Biol. N=450,243)
BMI GWAS (Yengo etal., 2018; | Omega 3-FA (Borges etal.,
Hum Mol Gen. N= 681,275) 1 LDL cholesterol (Richardson 2020. N=114,999)
T IWB GWAS (Elsworth etal., et al., 2020; PLoS Med. |
2018; MRC-IEU Consortium. N=440,546) o
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7 SNPs for EBMI 288 SNPs for TTry 45 SNPs for
36 SNPs for WHR 543 SNPs for TF-Free Mass 43 SNPs for Tchol Docosahexaenoate

643 SNPs for ALM
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10 SNPs for BF%
540 SNPs for TPM
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49 SNPs for Linoleic acid
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FIGURE 2 | Flowchart followed by the process of identification and selection of genome-wide association studies (GWAS) and the SNPs used as instrumental
variables (IVs) that have been included in the Mendelian randomization analyses of FTLD TDP subtype (A) and ALS (B). In the body complexion group we included 9
traits: “Extreme body mass index,” “body mass index” (BMI), “waist-to-hip ratio” (WHR), “body fat percentage” (BF%), “trunk predicted mass,” “trunk fat-free mass,”
“appendicular lean mass,” “impedance whole body,” “whole body fat mass.” In the circulating lipids group we included 9 traits: “Total triglycerides” (TG), “total
cholesterol”(TC), “LDL cholesterol” (LDL), “HDL cholesterol” (HDL), “linoleic acid,” “docosahexaenoate” (DHA), “omega 3-fatty acid,” “omega 6-fatty acid,” and “total
fatty acids.”
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RESULTS

Our main aim was to identify the genetically determined causal
role of body lipid metabolism on the risk of FTD. In particular,
we used the FTD with TDP-43 inclusion subtype as it is the
pathological form that is more associated with ALS in the
spectrum of disorders. Thus, we also ran the same study in
parallel on ALS so that we could then compare similarities and
specificities of the potential genetic influences of body lipid
metabolism on the risk of these two disorders (Figure 1). For
each disease (outcome), FTLD TDP subtype (Figure 2A) or ALS
(Figure 2B), we analyzed the causal effect of a total of 9 traits
included in the category of body complexion and another 9 traits
that fall in the category of circulating lipids.

Two-Sample Mendelian Randomization
Analysis of Body Composition and
Circulating Lipids on the Risk of
Frontotemporal Dementia TAR DNA

Binding Protein 43 Subtype

In relation to FTLD TDP subtype, among the group of 9 traits that
fall in the category of the body complexion, the trunk-predicted
mass (p = 0.008, OR = 3.27, 95% CI = 1.35-7.95) and the trunk-
predicted fat-free mass (p = 0.01, OR = 3.14, 95% CI = 1.30-7.54)
are suggested to increase the risk of FTD by the IVW method.
The simple median method was able to sustain those results,
especially in the case of trunk-predicted mass (p = 0.039), and
close but not significant for the trunk-predicted fat-free mass
(p = 0.055). Unfortunately, the results were not supported by the
MR-Egger method (Figure 3A). A list of all the SNPs used in the
analysis of the 9 traits on FTD are displayed in Supplementary
Tables 2-10. Regarding the circulating lipid levels group, none
of the 9 traits analyzed were significantly found to be genetically
causally associated with FTD by the IVW method (Figure 3B).
Genetically predicted “total triglycerides” showed a trend to be
causally associated with FTD by the IVW method (p = 0.06,
OR =1.9,95% CI = 0.96-3.7) and it was significantly associated by
the weighted median method (p = 0.04, OR = 2.5, 95% CI = 1.02-
6.36). A list of all the SNPs (IVs) used in the analysis of the 9
circulating lipid traits on FTD is displayed in the Supplementary
Tables 11-19.

Two-Sample Mendelian Randomization
Analysis of Body Composition and
Circulating Lipids on the Risk of

Amyotrophic Lateral Sclerosis

The same study was conducted in parallel with ALS as the
outcome. The primary analysis of IVW method did not find
any significant causal association of the 9 body complexion
traits with ALS (Figure 4A). The “extreme body mass index”
(Extreme BMI) was found to be significant by the weighted
median (p = 0.016, OR = 0.92, 95% CI = 0.85-0.98) and by simple
median (p = 0.02, OR = 0.91, 95% CI = 0.85-0.99) methods, but
the analysis was not rigorously significant by the IVW method
(p = 0.08, OR = 0.93, 95% CI = 0.87-1.00). The “body fat

percentage” (BF%) trait also presented a trend of potential inverse
causal effect on ALS found significant by the MR-Egger method
(p = 0.035, OR = 0.15, 95% CI = 0.03-0.65), consistent with
a previous analysis by Zhang et al. (2020), although none of
the other sensitive analyses supported those findings. The leave-
one-out analysis of BF% identified the SNP rs6857 to be driving
much of the effect, which is consistent with the previous analysis
(Zhang et al., 2020). The leave-one-out analysis of extreme BMI
identified the SNP rs11127483 to be driving much of the effect.
Thus, the 1-SD increase in extreme BMI and in BF% is not
rigorously associated with a lower risk of ALS, but more data
and experiments are needed to clarify and support those results.
A list of all the SNPs used in these analyses can be found in
Supplementary Tables 2-10. From the 9 circulating lipids traits,
we found that “total cholesterol” (p = 0.011, OR = 1.11, 95%
CI = 1.02-1.2), “LDL cholesterol” (p = 0.034, OR = 1.11, 95%
CI = 1.01-1.21), “linoleic acid” (p = 0.022, OR = 1.12, 95%
CI = 1.016-1.24), and “omega-6 fatty acid” (p = 0.033, OR = 1.12,
95% CI = 1.00-1.25) were causally associated to ALS by the
primary method IVW (Figure 4B). Out of the four blood lipid
traits, only the “LDL cholesterol” was found supported significant
by the weight median (p = 0.037, OR = 1.15, 95% CI = 1.00-1.32)
and the weight mode (p = 0.015, OR = 1.16, 95% CI = 1.03-
1.31) sensitive analysis. The list of IVs used in these analyses
can be found in Supplementary Tables 11-19. The leave-one-out
analysis showed no evidence of outlier SNPs.

The effect of the individual SNPs on the trunk predicted mass
and fat-free mass vs. the effect on FTD is shown in Figure 5. The
effect of the SNPs on the extreme BMI and BF% vs. their effect
on ALS is represented in a scatter plot in Figure 6A. The effect of
circulating lipids (total cholesterol, LDL cholesterol, linoleic acid
and omega 6 fatty acid) vs. their effect on ALS is shown in scatter
plots in Figure 6B.

Identification of Shared and Specific
Single Nucleotide Polymorphisms in
Frontotemporal Dementia TAR DNA
Binding Protein 43 Subtype and
Amyotrophic Lateral Sclerosis in

Relation to Body Lipid Metabolism

In addition, we decided to look for the SNPs that showed a
significant effect on the outcomes of FTLD TDP subtype and
ALS and compared them with the idea that there could be
some shared genetics regarding body lipid metabolism in these
two disorders with pathological TDP43 hallmark overlap. Thus,
we used all the results from the two studies and extracted
the list of all the SNPs that were individually significantly
associated with each of the outcomes, FTD and ALS. From
the 9 traits in the group of body complexion (using the list of
SNPs extracted from Supplementary Tables 2-10), we found
a total of 43 SNPs that were significantly associated with FTD
and a total of 218 SNPs significantly associated with ALS. We
then compared the SNPs that were exclusively or commonly
found between FTD and ALS, as shown in the Venn diagrams
(Figure 7A), and identified only one SNP in common, 1s5753630
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FIGURE 3 | Odds ratio (OR) and forest plot for the causal association with the risk of frontotemporal dementia with TDP43 aggregates by, (A) Body complexion
traits, and (B) Circulating lipids traits. BMI, body mass index; BF%, body fat percentage; Cl, confidence interval; IVW, inverse variance weighted; SNPs, single
nucleotide polymorphisms.

[chr22:31465964 (GRCh38.p13)]. The rs5753630 variant falls on
an intron region of the EIF4ENIFI gene (eukaryotic translation
initiation factor 4E nuclear import factor 1), which encodes a
nucleocytoplasmic shuttle protein involved in the regulation of
translation initiation. We conducted further analysis of pathway
enrichment to investigate if those 43 and 218 differential SNPs in
FTD and ALS, respectively, are related to a biological function
or a pathway. From the 43 SNPs specific of the FTLD TDP
subtype and body complexion, we found that 32 SNPs have
associated genes, and most of them have alternative splicing
(data not shown).

Next, we performed the same analysis for the total of
SNPs that were significantly associated with FTD and ALS
from the study of circulating lipid traits (using the list of
SNPs extracted from Supplementary Tables 11-19). We found
12 SNPs that were significant from the FID study and 89
SNPs in the ALS study from all the 9 lipid traits analyzed.
We then looked for any common SNPs between the two
outcomes in relation to circulating lipids and identified one
SNP, rs696825 [chr9:83968161 (GRCh38.p13)] (Figure 7B). The
rs696825 variant falls on the 3° Prime UTR of the gene HNRNPK
(heterogeneous nuclear ribonucleoprotein K), which encodes
an hnRNP RNA binding protein involved in RNA processing.
Interestingly, this protein has recently been found mislocalized
in the cytoplasm and associated with FTLD pathology (Bampton
et al, 2021). Remarkably, this protein seems to control the
cytoplasmic aggregation of TDP43 (Moujalled et al., 2015).
Finally, we run further enrichment analysis on the significant
SNPs related to circulating lipid traits identified in the ALS and

FTD studies. From the 89 SNPs of the ALS study, we found
functional enrichment in the cholesterol homeostasis pathway
(GO:42632). The list with all the SNPs used in this section can
be found in Supplementary Table 20.

DISCUSSION

We conducted two independent studies in parallel to evaluate the
effect of genetically predicted body complexion and circulating
lipids on the risk of FTLD TDP subtype and on ALS and
compared their effects in these two TDP-43 related diseases
(Liscic et al., 2008) that are also part of a spectrum of disorders.
We found that body trunk mass and triglycerides levels could
be more relevant for the risk of FTLD TDP subtype, and on
the contrary, the levels of LDL cholesterol, and possibly linoleic
and omega 6 fatty acids, play a more important role in the
risk of ALS. Moreover, we identified two genetic variants shared
in the two studies conducted on FID and ALS. These two
variants are located in two genes that encode proteins with role
in RNA metabolism which is a well-documented pathological
mechanism operating in these disorders. Emerging evidence
shows that lipid metabolic alterations as another important
pathological mechanism contributing to these multifactorial
complex disorders etiology (Burg et al., 2021; Fernandez-Beltran
etal., 2021; Lee et al., 2021).

This is, to our knowledge, the first time that this type of MR
analysis has been done to evaluate the genetically predicted causal
association of these particular body complexions and circulating
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FIGURE 4 | Odds ratio (OR) and forest plot for the causal association with the risk of ALS by, (A) body composition and, (B) circulating lipids. BMI, body mass index,
BF%, body fat percentage, Cl, confidence interval, IVW, inverse variance weighted, SNPs, single nucleotide polymorphisms.
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fat-free mass are associated as a risk factor in FTLD TDP subtype.

each line corresponds to the estimated Mendelian randomization (MR) effect per method. Significant changes in SNPs related to predict trunk mass and trunk
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on trunk mass vs. frontotemporal lobar degeneration with TDP43. The slope of

lipids traits on the risk of FTLD TDP subtype. We conducted
the same study on ALS in parallel and compared the results
of the two studies. There is a previous study using 2SMR with
5 different traits of lifelong adiposity on the risk of ALS, but

our study encompasses a more extensive focus with 18 updated
GWAS datasets that have not been used for ALS before, except
for only two traits (BMI and extreme BMI), which are coincident
with a previous study (Zhang et al., 2020). There is another
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interesting study using this approach for ALS using all the GWAS
available at the time. In that study, they found that higher levels
of LDL cholesterol in blood increases the risk of ALS (Bandres-
Ciga et al., 2019). There is one more study which also identified
that LDL cholesterol was causally associated with a higher risk
of ALS (Zeng and Zhou, 2019). Here, we have been able to
replicate those results even though we have used a different and
updated GWAS data set for LDL cholesterol. We also found
other suggestive associations that were not evaluated in those two
previous studies. Thus, for both diseases, FTD and ALS, this work
presents novel and interesting results.

We have shown, for the first time, that genetically predicted
1-SD increase in trunk mass and fat-free mass (lean mass)
are suggestively associated with a higher risk of FTD (TDP43
subtype). More anthropometric measures should be conducted

routinely in the clinic to verify this association. Body metabolic
measurements done in observational association studies on
FTLD have previously reported higher BMI and visceral fat mass
in FTLD patients in comparison to healthy controls, as well as
in patients with Alzheimer disease (Ahmed et al., 2019). Our
analysis did not support a genetically causal association of BMI
and fat mass with FTLD TDP subtype. Similarly, we could not
find a significant causal relation of any of the 9 traits analyzed
for body composition and anthropometric measures with the risk
of ALS, except for a suggestive association of higher body fat
percentage (BF%) and extreme BMI with lower risk of ALS, which
would be in line with previous studies (Zhang et al., 2020).

In relation to the study of the causal association of blood
circulating lipids on FTD, only the genetically predicted 1-
SD increase triglycerides (TG) blood levels were suggestively
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FIGURE 7 | Graphical representation of the identification of common significant SNPs in relation to body complexion and circulating lipids shared between FTD
TDP43 subtype and ALS. (A) Venn diagram showing the common significant SNPs between FTLD TDP subtype and ALS from the 9 traits in relation to the body
complexion group. The only genetic variant found in common is rs5753630, with EIF4ENIF1 as near gene. (B) Venn diagram showing the common significant SNPs
between FTD and ALS from the 9 traits in relation to the circulating lipid traits. The only genetic variant found in common is rs696825 that falls in the 3'UTR of the
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associated with a higher risk of FTLD TDP subtype. Interestingly,
previous blood lipid measurements in observational studies
found hypertriglyceridemia in patients with behavioral variant
FTD (bvFTD) vs. healthy controls and patients with Alzheimer
disease (AD) (Kim et al., 2018ab). Similarly, in another
observational study comparing circulating lipid levels in bvFTD,
ALS, as well as mixed forms of ALS-FTD, higher TG, and lower
HDL cholesterol levels were found in all the groups compared to
healthy controls (Ahmed et al., 2017; Kim et al., 2018a). None of
the other circulating lipids traits, including HDL cholesterol, was
causally associated with FTD in our study. We corroborated the
previous causal association of 1-SD genetically predicted higher
levels of LDL with the increased risk of ALS (Bandres-Ciga et al.,
2019; Zeng and Zhou, 2019), even though we used an updated
data source for the LDL trait. We found a novel suggested causal
association with ALS in relation to circulating fatty acids, such as
linoleic acid and the omega-6 fatty acid levels. It is well known
that altered lipidemia is a clinical phenotype in patients with
ALS (Dupuis et al., 2008; Paganoni et al., 2011), although this
is the first time it is shown that these fatty acids could be also
causally associated. Again, it is interesting to observe that not all
the circulating lipids influence the risk of FTLD TDP subtype
and ALS in the same way. These differences support the idea
that different exposures (risk factors) might define the clinical
manifestation of diseases with TDP-43 pathology.

The RNA processing disruption is a well-documented
pathological mechanism in ALS and FTD. It is very interesting
to observe that the two SNPs identified in common between
ALS and FTLD TDP subtype, in relation to body complexion
and circulating lipid levels, fall under genes related to RNA
processing functions. It is very remarkable that even though
the significantly associated circulating lipid traits were different
between FTD and ALS, we could identify a common significant
genetic variant in the HNRNPK gene in both the diseases. This
gene is widely expressed in neuronal tissue and encodes for the
hnRNP K protein. Similar to TDP-43, which is also a family
member of hnRNP proteins, this protein binds to RNA and

has a role in RNA processing and maturation. This protein
is altered in models of ALS with TDP43 mutation (Moujalled
et al., 2017), and most recently, it has been found mislocalized
in patients with FTLD (Bampton et al., 2021). Curiously, it
has been shown that hnRNP K phosphorylation controls the
aggregation of TDP-43 in the cytosol (Moujalled et al., 2017).
These findings suggest that HNRNPK could be a potential
molecular causal link between the lipid metabolic alterations and
ALS/FTD spectrum of disorders. Similarly, HNRNPAI, another
gene that encodes a hnRNP protein that forms a functional
complex with hnRNP K, affects the splicing and regulation of
HMGCR (3-hydroxy-3-methylglutaryl-Coenzyme A reductase),
the rate-limiting enzyme in the biosynthesis of cholesterol,
impacting the intracellular cholesterol metabolism (Yu et al,
2014). Even more, TDP-43 regulates the splicing of hnRNP A1l
(Deshaies et al., 2018). Further clinical and functional studies are
needed to corroborate the potential role of HNRNPK in lipid
homeostasis and TDP-43 pathology and understand whether
there is a causal relation between altered body lipid metabolism
and RNA processing in FTD and ALS.

There are some limitations in this study. First, all the MR
studies might be subjected to pleiotropy since it is difficult to rule
out linear relations between the risk factors and the diseases we
studied. Second, we used European ancestry population mainly
for the GWAS data we selected to reduce population stratification
bias, but this might be difficult with the extension of these results
to other genetic background populations. Third, all MR results
are dependent on the SNPs used as instrumental variables in
the particular trait data. Those could be different or updated
with time, and thus it could potentially have a different result
when performing the analysis after actualizing the data at a
different time. In this particular case, we could identify new
association trends between linoleic acid and omega 6 fatty acid
levels with the risk of ALS by using updated databases and
comparing with previous analysis results (Bandres-Ciga et al.,
2019; Zeng and Zhou, 2019) that found no association. In general,
the number of IVs used in the analysis with ALS is larger than
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those used in the analysis with FTD, partly due to the SNPs
panels on each of the GWAS studies, which is more updated
and extensive in the ALS GWAS (from 2018) than in the FTD
GWAS study (from 2010), and also the sample size is much
larger in the ALS GWAS (n = 80,610) compared to the FTD
GWAS (n = 3,024). Therefore, all these parameters impact on
the total number of SNPs detected that could then be used as
IVs for the 2SMR analyses. Finally, here we limited the study
to a specific FTLD subtype, and so the findings cannot be
generalized to different clinical forms of FTLD. At the same time,
this can also be perceived as a strength of the study since by
performing the analysis with a particular FTLD type, we might be
helping the identification of specific risk factors in the different
subtypes, in this case the FTLD TDP subtype, supporting the
stratification of patients and understanding in the clinic. Thus,
the findings from the FTD with TDP-43 aggregates described
in this study are very promising and opens the door for future
analysis using new updated FTD GWAS databases, ideally with
different FTLD forms GWAS datasets so that we could analyze
the effect of all body lipid metabolic traits of interests in the
different clinical forms of FTLD.

CONCLUSION

We found that genetic variants associated with circulating lipids
and body composition are differentially involved in the risk of
FTLD TDP subtype and ALS. In this regard, our study suggests
that higher LDL cholesterol and fatty acid levels could potentially
have a causal role in the risk of ALS, but further experimental and
clinical studies are needed to confirm these findings. Conversely,
for FTD, the prevention and intervention strategies could be
aimed to lower circulating triglycerides levels. These differences
support the idea that different exposures (risk factors) might
define clinical manifestation of diseases within the spectrum.
These findings emphasize the need to study lipid metabolism in
these complex disorders, and for more research on the causal role
of circulating lipids the possibility to modify them for prevention
or treatment, or even use them in the stratification of patients.
We also identified HNRNPK as a potential candidate that could
serve as a link between circulating lipids and ALS/FTD with
TDP-43 pathology. Extensive experimental research is needed to
confirm these findings.
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Objective: To analyze the potential changes in brain neural networks in resting state
functional magnetic resonance imaging (rs-fMRI) scans by regional homogeneity (ReHo)
in patients with mild cognitive impairment (MCI).

Methods: We recruited and selected 24 volunteers, including 12 patients (6 men and
6 women) with MCI and 12 healthy controls matched by age, sex, and lifestyle. Al
subjects were examined with rs-fMRI to evaluate changes in neural network connectivity,
and the data were analyzed by ReHo method. Correlation analysis was used to
investigate the relationship between ReHo values and clinical features in different brain
regions of MCI patients. The severity of MCI was determined by the Mini-Mental State
Examination (MMSE) scale.

Results: The signals of the right cerebellum areas 4 and 5, left superior temporal, right
superior temporal, left fusiform, and left orbital middle frontal gyri in the patient group
were significantly higher than those in the normal group (P < 0.01 by t-test of paired
samples). The signal intensity of the right inferior temporal and left inferior temporal gyri
was significantly lower than that of the normal group (P < 0.01). The ReHO value for the
left inferior temporal gyrus correlated negatively with disease duration, and the value for
the right inferior temporal gyrus correlated positively with MMSE scores.

Conclusion: Mild cognitive impairment in patients with pre- Alzheimer’s disease may
be related to the excitation and inhibition of neural networks in these regions. This may
have a certain guiding significance for clinical diagnosis.

Keywords: rs-fMRI, mild cognitive impairment, ReHo, spontaneous brain activity, Alzheimer’s disease

INTRODUCTION

Cognitive decline is common in older adults, including dementia, delirium, depression, language
problems, inattention, and low literacy levels (D’Atri et al., 2021). Mild cognitive impairment
(MCI) is an intermediate stage of cognitive decline between normal aging and dementia
in which people have memory problems or other cognitive abnormalities but have not yet
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reached the severity of dementia; therefore, the condition has
little impact on daily living. MCI is common in the elderly, with
a prevalence at age 65 of 6%. Because of the slow progression of
the disease, a simple history and neurological examination alone
are not enough to confirm the diagnosis. Studies have shown that
37-80% of dementia is not clinically diagnosed, suggesting that
cognitive impairment is difficult to detect without screening tools
(D’Atri et al., 2021). The most common cause of mild cognitive
impairment is Alzheimer’s disease (AD) (Yukimasa, 2017).

AD is a series of primary degenerative encephalopathies
occurring in middle-aged and older adults (Yukimasa, 2017).
The incidence of AD is closely related to several factors
such as age, genetics, and environment that produce common
pathological changes concerning metabolism, blood vessels,
and inflammation (Yukimasa, 2010). In terms of metabolism,
previous studies that explored the independent and reciprocal
effects of curcumin on the brain and liver have shown that
curcumin injection prior to AP deposition can prevent AD
in APP/PS1 mice, suggesting that curcumin may significantly
affect the elimination of AP42 in cerebral blood transport and
peripheral circulation (Yepes, 2021). Cerebrovascular disease
mainly presents symptoms of progressive memory loss, MCI,
distraction, affective disorder, personality changes, and other
characteristics. Alzheimer’s disease often presents as a persistent
disorder of high-level neural function (Wu et al., 2021). It has
been reported that in APP/PSI mice, a double transgenic mouse
model of AD, female mice developed AP plaque load in the
dentate gyrus layer at an early stage. There was also a significant
neuroinflammatory activation of astrocytes and microglia (Jung
et al,, 2019). In addition, some studies have shown that magnetic
resonance imaging (MRI)-based assessment of brain atrophy can
be used to evaluate and stage Alzheimer’s disease, which laid a
foundation for the specific neuroimaging changes in the brain of
our study (Bijttebier et al., 2021). Researchers have indicated that
it is now possible to measure tau and amyloid beta (AB) protein
in the brain. Analyses of the association among neuroimaging
findings, clinical phenotype, and age were performed as a way
to investigate how different neuroimaging modalities relate to
disease mechanisms; hence, it is possible to elaborate on the
specific cause of, as well as the course of, Alzheimer’s disease
(Benitez et al., 2021; Roberts et al., 2021).

AP has been shown to accumulate in the retina of patients with
MCI, and this phenomenon may appear before accumulation

in the brain (Mei et al., 2020). Detecting an accumulation of
AB in the eye may prove to be a useful clinical method for
early diagnosis of AD before the onset of clinical symptoms, but
the relevant diagnostic approach needs to be further developed
(Figure 1).

Despite these advances, there is still a lack of strong evidence
that can be used as a basis for the clinical diagnosis of AD.
MRI is a non-invasive diagnostic technique used in the medical
and biomedical fields to evaluate nervous system structure and
neurological function (Zang et al., 2004). Resting-state functional
magnetic resonance imaging (rs-fMRI) allows measurements of
brain activity at rest, and its use has evolved rapidly in recent
years (Jiang et al., 2021). Regional homogeneity (ReHo) is a
technique for analyzing rs-fMRI results that has been normally
applied in clinical practice. Recent studies on the application
of the ReHo method to analyze neuroimaging changes are
shown in Table 1 (Tononi et al., 1998; Xiang et al, 2018;
Liao et al., 2019; Shao et al., 2019; Wen et al,, 2019; Li et al.,
2020; Guo et al,, 2021). By calculating the Kendall coefficient
consistency of voxel dynamic fluctuation time-series in a
specific cluster, the local synchronization of spontaneous rs-fMRI
signals is explored, which represents essential data for normal
brain activity (Fang et al., 2021; Gaubert et al., 2021). Brain
dysfunction in patients may lead to changes in synchronization of
neurons in the brain, which adversely affects neural information
processing, and thus reflects numerical differences from people
with normal brain activity.

The severity of dementia can be determined based on the
results of neuropsychological assessments. The commonly used
clinical tool is the Mini-Mental State Examination (MMSE)

TABLE 1 | REHO method applied in neurogenic disease and ophthalmologic.

References Years Disease

Guo et al. (2021) 2019 Classical trigeminal neuralgia

Xiang et al. (2018) 2019 Retinal vein occlusion

Wen et al. (2019) 2019 Diabetic retinopathy

Li et al. (2020) 2019 Strabismus and amblyopia

Liao et al. (2019) 2021 Diabetic optic neuropathy

Shao et al. (2019) 2021 Thyroid-associated ophthalmopathy
Tononi et al. (1998) 2020 Parkinson

FIGURE 1 | An example of MCI. (A) Fundus photography; (B) fundus fluorescein angiography; (C) indocyanine green angiography. MCI, mild cognitive impairment.
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TABLE 2 | Demographic characteristic of the enrolled subjects.

Condition MCI HC t P
Subject 12 12 NA >0.99
Age (y) 64.33 + 7.01 64.00 + 6.18 0.124 0.595
Gender (M:F) 6:6 6:6 NA NA
Duration (month) 12.00 + 15.42 NA 4.766 <0.001*
SBP 128.92 £+ 12.00 130.5 £ 10.83 -0.339 0.593
DBP 76.08 +£ 12.15 76.17 £ 10.57 -0.018 0.593
HR 70.01 £9.16 70.42 + 8.36 -0.091 0.922
Barthel index 99.58 + 1.44 100 / /
Best-corrected V A-left eye 0.29 + 0.10 0.23 + 0.06 1.967 0.164
Best-corrected V A-right eye 0.28 £ 0.12 0.21 +£0.08 1.591 0.078
S1008 0.18 £ 0.09 2.71+£1.05 -8.327 <0.001*
MMSE 21.42 + 4.56 27.83 +£2.52 -4.266 0.125

*P < 0.05 Independent t-tests comparing two groups.

MCI, mild cognitive impairment; HC, Healthy control; NA, not applicable; SBR, systolic blood pressure; DBF, diastolic blood pressure; HR, heart rate.

Scale (0-30 points; lower scores represent more severe cognitive
impairment) (Cheng et al., 2019).

Receiver operating characteristics (ROC) curve analysis is a
tool that can describe diagnostic accuracy in medical research,
and the area under the curve (AUC) often serves as one of
the criteria for comparison. A larger AUC implies a higher
correlation, which in turn represents a higher diagnostic accuracy
(Dong et al., 2021).

MATERIALS AND METHODS

Participants

A total of 24 volunteers were chosen for this study, including
12 patients (6 men and 6 women) with MCI and 12 healthy
controls (HC) matched by age, gender, and lifestyle from the
Ophthalmology Department of the First Affiliated Hospital
of Nanchang University Hospital. The inclusion criteria for
participants with MCI were as follows: (1) Age > 45 years; (2)
chief complaint of memory decline and MMSE < 27 points;
(3) Barthel index for ability to perform activities of daily
living > 90 points; and (4) recent cranial MRI suggesting no
parenchymal brain lesions. The exclusion criteria for participants
with MCI were the following: (1) vascular dementia, Parkinson
dementia, frontotemporal lobar degeneration and other types
of dementia, cognitive impairment due to other causes, acute
cerebral hemorrhage, cerebral infarction, and intracranial space
occupying lesions; (2) other psychiatric disorders, such as severe
affective disorder or current evidence of depression; (3) visual and
hearing impairment; and (4) severe dementia.

Inclusion criteria for the HC group were as follows: (1)
Age > 45 years; (2) routine brain MRI without obvious
abnormalities; (3) no memory problems and an MMSE
score > 27 points; (4) no neurological, psychiatric, and
cardiovascular diseases; (5) no drug or alcohol addiction; and (6)
able to undergo MRIL

The medical ethics committee of the First Affiliated Hospital
of Nanchang University approved all research methods which

were in accordance with the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards. The purpose,
method, and potential risks of participating in the study were
explained to all participants, and all participants signed an
informed consent form.

Magnetic Resonance Imaging

Parameters

All subjects were scanned with a 3-Tesla magnetic resonance
scanner (Trio, Siemens, Munich, Germany). They were
instructed to keep their eyes closed, but to remain awake and
relaxed until the end of the scan. Using a three-dimensional
spoiled gradient-recalled echo sequence in the MRI, relevant
data was then obtained. Imaging parameters of the T1 and T2
sequences for 176 traverse images were as follows: TR = 1,900 ms,
TE = 2.26 ms, thickness = 1.0 mm, gap = 0.5 mm, acquisition
matrix = 256 x 56, field of view = 250 x 250 mm, and flip
angle = 9°. Imaging parameters for 240 functional images were
as follows: TR = 2,000 ms, TE = 30 ms, thickness = 4.0 mm,
gap = 1.2 mm, acquisition matrix = 64 x 64, flip angle = 90°,
field of view = 220 x 220 mm, and 29 axial. Scanning times were
5 and 10 min, respectively.

Data Analysis for Resting State

Functional Magnetic Resonance Imaging

The MRIcro software' was used to organize the data, including
classifying the data and deleting the incomplete data. Moreover,
Statistical Parametric Mapping (SPM; The MathWorks, Inc.)?
and the Data Processing Assistant for rs-fMRI software
(DPARSFA; version 4.0; Institute of Psychology, Chinese
Academy of Sciences)’ were used to analyze the data. The regions
of interest (ROI) in patients with MCI and HC were divided
with the RESTing-state fMRI data analysis toolkit (REST). The
echo planar imaging was used to standardize the rs-fMRI images,

'www.MRIcro.com
Zhttp://www.fil.ion.ucl.ac.uk/spm
3http://rfmri.org/DPARSF
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which met the spatial standards of the Montreal Institute of United States) in this study to analyze changes in brain neural
Neurology (MNI). signal fluctuations (i.e., ReHo values). Paired samples t-tests

Participant 3 was excluded because his head movements were used to test whether the two means were the same overall.
were > 3 mm and the rest of his head movements were < 3 mm In general, the larger the t-value, the more likely it is to be

and well matched. statistically relevant. We considered results significant if P<0.05.
o . Multiple comparison correction used Gaussian Random Field
Statistical Analysis (GRF) with a voxel level threshold of 0.005 and a cluster level

We used SPSS software, version 22.0 (International Business threshold of 0.05 for two-sided tests. ROC curve analysis was used
Machines Corporation, Inc. (IBM), Armonk, New York, tocompare the rs-fMRI values of the two groups. This represents

A
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FIGURE 2 | Comparison of ReHo values in MCl and HC groups. (A) Differences in ReHo were found in RCG, LSTG, RSTG, LFG, and OMFG, RITG, and LITG. (B)
The stereoscopic form of the cerebrum. The red area indicates an increase in ReHo value; the blue indicates a decrease in ReHo value. (GRF correction, the
cluster-level: P < 0.05; two-tailed, with voxel level P < 0.005). (C) The Mean ReHo value between MCls and control group. ReHo, regional homogeneity; MCI, mild
cognitive impairment; HC, healthy controls. *P < 0.05 Independent t-tests comparing two groups.
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how accurate rs-fMRI values are in the diagnosis of MCI. The
AUC was of primary interest, and represents the diagnostic yield
in this analysis. AUC > 0.9 was considered as a numerical value
that represents high diagnostic accuracy.

Brain-Behavior Correlation Analysis

We collected clinical data from all study participants, including
MMSE scores and disease duration, to find correlations between
these data and the mean ReHo values of the different brain
regions studied. Pearson correlation was analyzed with GraphPad
Prism 8 software (GraphPad Inc., San Diego, CA, United States)
to evaluate and graph the linear correlation between MMSE
scores, duration of MCI and ReHo values.

RESULTS

Demographics

There was no significant difference in mean age between the MCI
and HC groups (64.33 £ 7.01 and 64.00 =+ 6.18 year, respectively;
P = 0.595). There was no significant difference in the male to
female ratio between the MCI and HC groups. The average
MMSE scores of the MCI group was 21.42 £ 4.56 (P = 0.125).
The average duration of the MCI was 12.00 £ 15.42 months
(P < 0.001). A detailed summary of the data is presented in
Table 2.

Regional Homogeneity Differences

In contrast with the HC group, the ReHo values of MCI patients
for the right inferior temporal gyrus (RITG) and the left inferior
gyrus (LITG) exhibited significantly lower in Figures 2A,B
(blue) and Table 3. At the same time, the ReHo values of MCI
patients were increased in the right cerebellar gyrus areas 4 and
5 (RCQG), left superior temporal gyrus (LSTG), right superior
temporal gyrus (RSTG), left fusiform gyrus (LFG), and left
orbital middle frontal gyrus (OMFG) as shown in Figures 2A,B
(red) and Table 3 (P < 0.01, using GRF theory for multiple
comparisons, z > 2.3, P < 0.01, cluster > 40 voxels, AlphaSim
has been corrected).

Receiver Operating Characteristics

Curve

Considering the abnormal activity of certain brain regions in
MCI patients, we analyzed the diagnostic value of ReHo for MCI
by ROC curve analysis. In this study, the AUC value was 1.000
(P<0.0001; 95% CI: 1.000-1.000) for LITG, RITG, LSTG, RSTG,
LFG, and OMFG; meanwhile the AUC value was 0.985 (P < 0.01;
95% CI: 0.946-1.000) for RCG (Figure 3). These results show that
ReHo values in these brain regions showed significant differences
between patients with MCI and healthy controls.

Correlation Analysis

In patients with MCI, the ReHO value in LITG (> = 0.852,
P < 0.001) correlated negatively with disease duration, and the
ReHO value in RITG (1 = 0.879, P < 0.001) correlated positively
with the MMSE (Figure 4).

TABLE 3 | Brain areas with different ReHo values between MCls and HCs.

Brain areas(aal) MNI coordinates BA Number of voxels T-value

X Y z

HC > MCI

RITG 48  -15 -45 - 114 -6.2571
LITG -45 -15 —-48 - 65 -5.4858
HC < MCl

RCG 24 -39 24 98 17 5.2122
LSTG -54 -9 0 81 136 4.7359
RSTG 51 =27 9 82 125 4.9241
LFG 24 -42 -18 55 312 4.8765
OMFG 27 48 -3 - 121 4.2007

The statistical threshold was set at the voxel level with P < 0.05 for multiple
comparisons using Gaussian Random Field theory (z > 2.3, P < 0.01, cluster > 40
voxels, AlphaSim corrected).

ReHo, regional homogeneity; BA, Brodmann area; HCs, healthy controls; MNI,
Montreal Neurological Institute. RITG, the right inferior temporal gyrus; LITG, the
right inferior temporal gyrus, RCG, the cerebellum superior; LSTG, the left superior
temporal gyrus;, RSTG, the right superior temporal gyrus; LFG, the left fusiform
gyrus; OMFG, the left orbital middle frontal gyrus.

ROC Curves

Sensitivity
3
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—RITG
LTG
RCG
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00 02 04 06 08 10

1 - Specificity

FIGURE 3 | ROC curve analysis of the mean ReHo values for altered brain
regions. The area under the ROC curve were 1.000, (p<0.0001; 95% Cl:
1.000-1.000) for LITG, RITG, LSTG, RSTG, LFG, and OMFG; 0.985

(o < 0.01; 95% CI: 0.946-1.000) for RCG. AUC, area under the curve; ROC,
receiver operating characteristic.

DISCUSSION

The rs-fMRI provides insight into abnormal electrical activity
in patients’ brains during a disease state. In this study we use
the ReHo method to measure abnormal activity in specific brain
regions, and has been widely used in the diagnosis, treatment, and
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FIGURE 4 | The correlation between the ReHo value of LITG, RITG and the duration (A), and MMSE (B). In the Alzheimer’s disease group, the ReHo value of LITG
showed a negative correlation with duration (2 = 0.852, P < 0.0001). The ReHo value of the RITG was positively correlated with MMSE (-2 = 0.879, P < 0.0001).
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prognosis of various craniocerebral injuries, ophthalmic diseases,
and related neurological diseases (Gu et al., 2022).

Hypointensity in the LITG area may be associated with
auditory naming disorder in mild cognitive impairment;
however, there are few specific functional studies on LITG
(Takamura et al., 2021). Some studies found that activation
of language networks and task-related functional connectivity
exist in the left temporal lobe, and there was activation of
the LITG area during auditory naming in the clinical naming
experiment (Mitchell et al., 2020). In some studies, rs-fMRI values
of individuals with cognitive decline due to sleep deprivation
are represented in LITG, specifically by attenuated alterations
in the effective connectivity of LITG with other brain regions
(Lyu et al., 2021). Previous studies have shown that significant
genetic overlap exists between hearing loss and AD, and that a
polygenic risk score for AD can significantly predict hearing loss
in an independent cohort, suggesting that there is a correlation
between damage in this brain region and genetic risk, but the
specific correlation remains to be further studied (Kang et al.,
2021). In our study, we demonstrated that the MCI patients show
decreased ReHo values in the LITG, which indicates auditory
naming dysfunction. In addition, we found a negative correlation
between the ReHo signal value of LITG and the duration of MCI;
thus, the longer the duration of the disease, the lower the ReHo
signal value of this brain region.

Some studies have shown that the RITG may be related to
the consciousness of important emotional significance. Alfredson
et al. (2010) studied the changes in temporal lobe blood flow
in volunteers who listened to standard music vs. important
emotional music. Measurements were made during silence,
individually selected emotional music, and standard neutral
music. The RITG showed a significant (p < 0.01) increase
in regional cerebral blood flow (rCBF) when the emotional
music was compared to silence. A temporal lobe asymmetry

(right > left) during emotional music was also significant
(p < 0.01) (Alfredson et al., 2010). In addition, another study
demonstrated increased signal in the RITG and a positive
correlation with alertness in patients with right temporal lobe
epilepsy. The significant decrease in RITG signal found in
this study for the MCI group may be related to the reduced
response to important affective meanings seen in patients with
MCI (Gellersen et al, 2021). This may be related to the
abnormal mental behavior of AD patients; that is, positive mental
symptoms such as agitation, anxiety, and mania as well as
negative mental symptoms such as depression and indifference
caused by cerebral cortex damage (Figure 5). Furthermore, the
ReHo value of RITG showed a significant positive correlation

FIGURE 5 | Relationship between MRI images and clinical manifestations in
MCI. MCI, mild cognitive impairment.
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with the MMSE score of MCI patients, and data processing
also showed a significant negative correlation between the signal
intensity of this brain region and the length of the disease. This
result implies that the ReHo value of RITG can be indirectly
correlated with MMSE scores to determine the severity of MCI.

We speculate that ReHo values in patients with MCI decrease
in RITG and LITG represented by the auditory naming and
hearing loss, and important affective disorders may be associated
with abnormal mental activity. Emotions such as agitation, mania
or depression, apathy and hearing loss caused by decreased
quality of life may also affect the degree of MCI (Figure 6).

The cerebellum in general has control over sensorimotor and
vestibular components, and additionally influences cognitive,
emotional, and autonomic function (Xu et al., 2021). A previous
meta-analysis of cerebellar gray matter loss in normal aging and
AD by Shah et al. (2013) found that gradient 3 (which captures
lateralization differences in cognitive function) was significantly
different in normal aging compared with AD, indicating slight
functional differences between left and right cerebellar atrophy
regions. The exact function of the RCG region is not fully
understood; however, compared with the HCs, the ReHo value
of this region was significantly increased in this study, which may
be related to the changes in autonomic and cognitive function
of MCI patients.

Decreased ReHo

FIGURE 6 | The hearing loss results of brain activity.

A major function of the superior temporal gyrus is extracting
meaningful linguistic features from speech inputs, and is strongly
modulated by learning knowledge and perceived goals (Zhongwei
etal., 2017). There is some evidence that the right STG functions
in allocentric neglect deficits (Mao et al., 2021). The significantly
lower signal in this region in the MCI group in the present
study may be related to the altered perception of language in
patients with MCIL.

The fusiform gyrus may be associated with face processing,
and the high signal expression in LFG found in this study may
be associated with altered face processing ability in patients with
MCI (Zuo et al., 2013). Gertowska et al. (2021) stated that further
research on facial expression patterns of the older adults can
reduce misunderstandings and improve patients’ quality of life.
Therefore, we can speculate that stimulation targeting of these
brain regions can significantly improve the facial expression
patterns of AD patients and thus improve their quality of life.

There are few studies on the function of OMFG. Some studies
suggest that the signal changes of OMFG are related to the
changes in neurological function of patients with anxiety and
depression. Previous studies have found that patients with severe
anxiety and depression had significantly lower amplitude of low-
frequency fluctuation values in the brain regions, means that the
brain regions activity obviously changed (Zhao et al., 2019). In
our study, the MCI patients ReHo values for the OMFG were
significantly higher compared to HCs: thus, we hypothesize that
it is possible to identify patients with complications of anxiety
and depression by monitoring the changes in signal values in
this brain region. However, we did not evaluate anxiety and
depression scores for study participants that would allow us
to prove a relationship between the degree of signal changes
and the degree of anxiety and depression; thus, this association
remains to be studied further. Please refer to Table 4 for the
changes of ReHo values in brain regions and their effects on brain
function.

This study has some limitations. First of all, the different
lengths of scanning time and the occurrence of multiple body
movements during the rs-fMRI scanning process will produce
different qualities of images in the scanning results; thus, there
are avoidable errors in the obtained values. Reducing these
individual differences may improve the specificity and accuracy
of our analysis. Secondly, the sample size was small, and
further and more accurate studies with a larger sample size

TABLE 4 | Brain areas alteration and its potential impact.

Function

Brain areas Experimental result
Inferior temporal gyrus HCs > MCls
Fusiform gyri HCs < MCls
Superior temporal gyri HCs < MCls
Right cerebellum areas 4 and 5 HCs < MCls
Left orbital middle frontal gyri HCs < MCls

Related to cognitive learning and object memory, emotional processing

Face recognition,Secondary classification and recognition of objects

Responsible for extracting meaningful linguistic features from speech inputs
control over sensorimotor and vestibular components
Related to the changes of neurological function in patients with anxiety and depression

HCs, healthy controls; MCI, mild cognitive impairment.
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are needed to validate our findings. This may explain why we
failed to find positive results in the process of verifying the
correlation between the course of disease and MMSE score and
the degree of signal value change for each brain region.

Our results showed that all MCI patients had varying degrees
of increased or decreased abnormal electrical signals in rs-fMRI
imaging of the brain regions we explored, which may reflect the
pathogenesis of AD and identify potential risk factors. These
ReHo values can be used to help clinicians diagnose and assess
the severity of MCL

CONCLUSION

This paper analyzed the alterations in ReHo of fMRI signals in a
resting state. Alterations in the functional connectivity patterns of
regions of interest and whole brain analyses were in turn analyzed
to deduce the pathogenesis of MCI as well as disease progression.
This may provide some diagnostic basis for clinical practice, as
well as some significance for patient prognosis.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

Alfredson, B. B., Risberg, J., Hagberg, B., and Gustafson, L. (2010). Right
temporal lobe activation when listening to emotionally significant music. Appl.
Neuropsychol. 11, 161-166. doi: 10.1207/s15324826an1103_4

Benitez, D. P,, Jiang, S., Wood, J., Wang, R., Hall, C. M., Peerboom, C,, et al. (2021).
Knock-in models related to Alzheimer’s disease: synaptic transmission, plaques
and the role of microglia. Mol. Neurodegener. 16:47. doi: 10.1186/s13024-021-
00457-0

Bijttebier, S., Theunis, C., Jahouh, F., Martins, D. R., Verhemeldonck, M., Grauwen,
K., et al. (2021). Development of immunoprecipitation - two-dimensional
liquid chromatography — mass spectrometry methodology as biomarker read-
out to quantify phosphorylated tau in cerebrospinal fluid from Alzheimer
disease patients. J. Chromatogr. 1651:462299. doi: 10.1016/j.chroma.2021.
462299

Cheng, J., Yang, H., and Zhang, J. (2019). Donepezil’s effects on brain functions of
patients with Alzheimer disease: a regional homogeneity study based on resting-
state functional magnetic resonance imaging. Clin. Neuropharmacol. 42, 42-48.
doi: 10.1097/WNF.0000000000000324

D’Atri, A., Scarpelli, S., Gorgoni, M., Truglia, I, Lauri, G., Cordone, S., et al.
(2021). EEG alterations during wake and sleep in mild cognitive impairment
and Alzheimer’s disease. iScience 24:102386. doi: 10.1016/j.isci.2021.10
2386

Dong, W.J., Su, T., Li, C. Q,, Shu, Y. Q., Shi, W. Q., Min, Y. L,, et al. (2021). Altered
brain network centrality in patients with retinal vein occlusion: a resting-
state fMRI study. Int. J. Ophthalmol. 14, 1741-1747. doi: 10.18240/ijo.2021.
11.14

Fang, M., Strand, K., Zhang, J., Totillo, M., Signorile, J. F., Galvin, J. E,
et al. (2021). Retinal vessel density correlates with cognitive function
in older adults. Exp. Gerontol. 152:111433. doi: 10.1016/j.exger.2021.
111433

Gaubert, S., Houot, M., Raimondo, F., Ansart, M., Corsi, M. C., Naccache, L.,
et al. (2021). Machine learning approach to screen for preclinical Alzheimer’s
disease. Neurobiol. Aging 105, 205-216. doi: 10.1016/j.neurobiolaging.2021.
04.024

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the First Affiliated Hospital of Nanchang University.
The patients/participants provided their written informed
consent to participate in this study.

AUTHOR CONTRIBUTIONS

Y-QW, Y-NW, and L-JZ analyzed the data and draft the
manuscript. L-QL, Y-CP, TS, and X-LL assisted with data
interpretation and figure composing. H-YS, MK, PY, and S-HX
collected the data. YS conceived, designed and directed the study,
and final revised and approved the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation (No. 82160195), the Central Government Guides
Local Science and Technology Development Foundation (No.
20211ZDG02003), and the Key Research Foundation of Jiangxi
Province (Nos. 20181BBG70004 and 20203BBG73059).

Gellersen, H. M., Guell, X., and Sami, S. (2021). Differential vulnerability of
the cerebellum in healthy ageing and Alzheimer’s disease. Neuroimage Clin.
30:102605. doi: 10.1016/j.nicl.2021.102605

Gertowska, J., Dmitruk, K., and Rejdak, K. (2021). Facial emotion mimicry in
older adults with and without cognitive impairments due to Alzheimer’s disease.
AIMS Neurosci. 8, 226-238. doi: 10.3934/Neuroscience.2021012

Gu, X. Q,, Liu, Y., Gu, J. B,, Li, L. F,, Fu, L. L., and Han, X. M. (2022). Correlations
between hippocampal functional connectivity, structural changes, and clinical
data in patients with relapsing-remitting multiple sclerosis: a case-control
study using multimodal magnetic resonance imaging. Neural Regen. Res. 17,
1115-1124. doi: 10.4103/1673-5374.324855

Guo, G. Y., Zhang, L. J,, Li, B, Liang, R. B., Ge, Q. M., Shu, H. Y., et al. (2021).
Altered spontaneous brain activity in patients with diabetic optic neuropathy:
a resting-state functional magnetic resonance imaging study using regional
homogeneity. World J. Diabetes 12, 278-291. doi: 10.4239/wjd.v12.i3.278

Jiang, Y. P., Yang, Y. C,, Tang, L. Y., Ge, Q. M,, Shi, W. Q,, Su, T,, et al. (2021).
Altered spontaneous brain activity patterns in dysthyroid optic neuropathy:
a resting-state fMRI study. J. Integr. Neurosci. 20, 375-383. doi: 10.31083/j.
jin2002037

Jung, F., Kazemifar, S., Bartha, R., and Rajakumar, N. (2019). Semiautomated
assessment of the anterior cingulate cortex in Alzheimers disease.
J. Neuroimaging 29, 376-382. doi: 10.1111/jon.12598

Kang, D. W., Wang, S. M., Um, Y. H,, Na, H. R, Kim, N. Y., Lee, C. U,, et al. (2021).
Distinctive association of the functional connectivity of the posterior cingulate
cortex on memory performances in early and late amnestic mild cognitive
impairment patients. Front. Aging Neurosci. 13:696735. doi: 10.3389/fnagi.2021.
696735

Li, M. G, Liu, T. F., Zhang, T. H., Chen, Z. Y., Nie, B. B,, Lou, X, et al.
(2020). Alterations of regional homogeneity in Parkinson’s disease with mild
cognitive impairment: a prelimin ary resting-state fMRI study. Neuroradiology
62, 327-334. doi: 10.1007/500234-019-02333-7

Liao, X. L., Yuan, Q., Shi, W. Q., Li, B,, Su, T., Lin, Q., et al. (2019). Altered brain
activity in patients with diabetic retinopathy using regional homogeneity: a
resting-state FMRI Study. Endocr. Pract. 25, 320-327. doi: 10.4158/EP-2018-
0517

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 877281


https://doi.org/10.1207/s15324826an1103_4
https://doi.org/10.1186/s13024-021-00457-0
https://doi.org/10.1186/s13024-021-00457-0
https://doi.org/10.1016/j.chroma.2021.462299
https://doi.org/10.1016/j.chroma.2021.462299
https://doi.org/10.1097/WNF.0000000000000324
https://doi.org/10.1016/j.isci.2021.102386
https://doi.org/10.1016/j.isci.2021.102386
https://doi.org/10.18240/ijo.2021.11.14
https://doi.org/10.18240/ijo.2021.11.14
https://doi.org/10.1016/j.exger.2021.111433
https://doi.org/10.1016/j.exger.2021.111433
https://doi.org/10.1016/j.neurobiolaging.2021.04.024
https://doi.org/10.1016/j.neurobiolaging.2021.04.024
https://doi.org/10.1016/j.nicl.2021.102605
https://doi.org/10.3934/Neuroscience.2021012
https://doi.org/10.4103/1673-5374.324855
https://doi.org/10.4239/wjd.v12.i3.278
https://doi.org/10.31083/j.jin2002037
https://doi.org/10.31083/j.jin2002037
https://doi.org/10.1111/jon.12598
https://doi.org/10.3389/fnagi.2021.696735
https://doi.org/10.3389/fnagi.2021.696735
https://doi.org/10.1007/s00234-019-02333-7
https://doi.org/10.4158/EP-2018-0517
https://doi.org/10.4158/EP-2018-0517
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wu et al.

ReHo Changes in MCI Patients

Lyu, H,, Jiao, J., Feng, G., Wang, X,, Sun, B., Zhao, Z., et al. (2021). Abnormal
causal connectivity of left superior temporal gyrus in drug-naive first- episode
adolescent-onset schizophrenia: a resting-state fMRI study. Psychiatry Res.
Neuroimaging 315:111330. doi: 10.1016/j.pscychresns.2021.111330

Mao, Y., Liao, Z., Liu, X,, Li, T., Hu, ], Le, D., et al. (2021). Disrupted balance of long
and short-range functional connectivity density in Alzheimer’s disease (AD)
and mild cognitive impairment (MCI) patients: a resting-state fMRI study. Ann.
Transl. Med. 9:65. doi: 10.21037/atm-20-7019

Mei, X., Yang, M., Zhu, L., Zhou, Q., Li, X., Chen, Z., et al. (2020). Retinal
levels of amyloid beta correlate with cerebral levels of amyloid beta in young
APPswe/PS1dE9 transgenic mice before onset of Alzheimer’s disease. Behav.
Neurol. 2020:1574816. doi: 10.1155/2020/1574816

Mitchell, B. L., Thorp, J. G., Evans, D. M., Nyholt, D. R., Martin, N. G., and Lupton,
M. K. (2020). Exploring the genetic relationship between hearing impairment
and Alzheimer’s disease. Alzheimers Dement. 12:e12108. doi: 10.1002/dad2.
12108

Roberts, S., Gardner, C., Jiang, Z., Abedi, A., Buser, Z., and Wang, J. C. (2021).
Analysis of trends in lumbar disc degeneration using kinematic MRI. Clin.
Imaging 79, 136-141. doi: 10.1016/j.clinimag.2021.04.028

Shah, P. P., Spaldo, N., Barrett, A. M., and Chen, P. (2013). Assessment and
functional impact of allocentric neglect: a reminder from a case study. Clin.
Neuropsychol. 27, 840-863. doi: 10.1080/13854046.2013.783120

Shao, Y., Li, Q. H,, Li, B,, Lin, Q., Su, T., Shi, W. Q., et al. (2019). Altered brain
activity in patients with strabismus and amblyopia detected by analysis of
regional homogeneity: a resting state functional magnetic resonance imaging
study. Mol. Med. Rep. 19, 4832-4840. doi: 10.3892/mmr.2019.10147

Takamura, Y., Fujii, S., Ohmatsu, S., Ikuno, K., Tanaka, K., Manji, A., et al. (2021).
Interaction between spatial neglect and attention deficit in patients with right
hemisphere damage. Cortex 141, 331-346. doi: 10.1016/j.cortex.2021.03.036

Tononi, G., McIntosh, A. R., Russell, D. P., and Edelman, G. M. (1998). Functional
clustering: identifying strongly interactive brain regions in neuroimaging data.
Neuroimage 7, 133-149. doi: 10.1006/nimg.1997.0313

Wen, S. M., Min, Y. L, Yuan, Q., Li, B, Lin, Q., Zhu, P. W., et al. (2019).
Altered spontaneous brain activity in retinal vein occlusion as determined by
regional homogeneity: a resting-state fMRI study. Acta Radiol. 60, 1695-1702.
doi: 10.1177/0284185119845089

Wu, X., Shen, Q. Zhang, Z., Zhang, D., Gu, Y. and Xing, D. (2021).
Photoactivation of TGFB/SMAD signaling pathway ameliorates adult
hippocampal neurogenesis in Alzheimer’s disease model. Stem Cell Res.
Ther. 12:345. doi: 10.1186/s13287-021-02399-2

Xu, J., Dong, H,, Li, N., Wang, Z., Guo, F., Wei, ], et al. (2021). Weighted RSA:
an improved framework on the perception of audio-visual affective speech in
left insula and superior temporal gyrus. Neuroscience 469, 46-58. doi: 10.1016/
j.neuroscience.2021.06.002

Xiang, C. Q., Liu, W. F,, Xu, Q. H, Su, T.,, Yong-Qiang, S., Min, Y. L, et al.
(2018). Altered spontaneous brain activity in patients with classical trigeminal

neuralgia using regional homogeneity: a resting-state functional MRI study.
Pain Pract. 19, 397U406. doi: 10.1111/papr.12753

Yepes, M. (2021). The plasminogen activating system in the pathogenesis of
Alzheimer’s disease. Neural Regen. Res. 16, 1973-1977. doi: 10.4103/1673-5374.
308076

Yukimasa, T. (2010). “10P-E-6 the relationship between fractal dimension of brain
CT images and the scores on the MMSE in senile dementia of Alzheimer type
preliminary report(room E international session),” in Proceedings of the Annual
Conference of Biomedical Fuzzy Systems Association. doi: 10.24466/pacbfsa.23.
0_341

Yukimasa, T. (2017). Fractal analysis of brain CT image in Senile dementia of
Alzheimer type (new development of SOFT science in BMFSA2009-AMAMI).
Int. J. Biomed. Soft Comput. Hum. Sci. 16, 81-86.

Zang, Y., Jiang, T., Lu, Y., He, Y., and Tian, L. (2004). Regional homogeneity
approach to fMRI data analysis. Neuroimage 22, 394-400. doi: 10.1016/j.
neuroimage.2003.12.030

Zhao, P., Yan, R.,, Wang, X, Geng, J., Chattun, M. R.,, Wang, Q., et al. (2019).
Reduced resting state neural activity in the right orbital part of middle frontal
gyrus in anxious depression. Front. Psychiatry 10:994. doi: 10.3389/fpsyt.2019.
00994

Zhongwei, G., Xiaozheng, L., Jiapeng, L., Fuquan, W., Hongtao, H., Xingli, C.,
et al. (2017). Fractional amplitude of low-frequency fluctuations is disrupted
in Alzheimer’s disease with depression. Clin. Neurophysiol. 128, 1344—-1349.
doi: 10.1016/j.clinph.2017.05.003

Zuo, X.-N,, Xu, T, Jiang, L., Yang, Z., Cao, X. Y., He, Y., et al. (2013). Toward
reliable characterization of functional homogeneity in the human brain:
preprocessing, scan duration, imaging resolution and computational space.
Neuroimage 65, 374-386. doi: 10.1016/j.neuroimage.2012.10.017

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wu, Wang, Zhang, Liu, Pan, Su, Liao, Shu, Kang, Ying, Xu and
Shao. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

April 2022 | Volume 14 | Article 877281


https://doi.org/10.1016/j.pscychresns.2021.111330
https://doi.org/10.21037/atm-20-7019
https://doi.org/10.1155/2020/1574816
https://doi.org/10.1002/dad2.12108
https://doi.org/10.1002/dad2.12108
https://doi.org/10.1016/j.clinimag.2021.04.028
https://doi.org/10.1080/13854046.2013.783120
https://doi.org/10.3892/mmr.2019.10147
https://doi.org/10.1016/j.cortex.2021.03.036
https://doi.org/10.1006/nimg.1997.0313
https://doi.org/10.1177/0284185119845089
https://doi.org/10.1186/s13287-021-02399-2
https://doi.org/10.1016/j.neuroscience.2021.06.002
https://doi.org/10.1016/j.neuroscience.2021.06.002
https://doi.org/10.1111/papr.12753
https://doi.org/10.4103/1673-5374.308076
https://doi.org/10.4103/1673-5374.308076
https://doi.org/10.24466/pacbfsa.23.0_341
https://doi.org/10.24466/pacbfsa.23.0_341
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.3389/fpsyt.2019.00994
https://doi.org/10.3389/fpsyt.2019.00994
https://doi.org/10.1016/j.clinph.2017.05.003
https://doi.org/10.1016/j.neuroimage.2012.10.017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

& frontiers | Frontiers in

MINI REVIEW
published: 14 April 2022
doi: 10.3389/fnagi.2022.849443

OPEN ACCESS

Edited by:
Panteleimon Giannakopoulos,
Université de Geneve, Switzerland

Reviewed by:

Keeley Brookes,
Nottingham Trent University,
United Kingdom
Anbupalam Thalamuthu,
University of New South
Wales, Australia

*Correspondence:
Qiaojun Li
ligiaojun@tjcu.edu.cn

Specialty section:

This article was submitted to
Alzheimer’s Disease and Related
Dementias,

a section of the journal

Frontiers in Aging Neuroscience

Received: 06 January 2022
Accepted: 14 March 2022
Published: 14 April 2022

Citation:

LiQ, Lv X, Jin F, Liao K, Gao L and
Xu J (2022) Associations of Polygenic
Risk Score for Late-Onset Alzheimer’s
Disease With Biomarkers.

Front. Aging Neurosci. 14:849443.
doi: 10.3389/fnagi.2022.849443

Check for
updates

Associations of Polygenic Risk Score
for Late-Onset Alzheimer’s Disease
With Biomarkers

Qiaojun Li™, Xingping Lv?, Fei Jin®, Kun Liao?, Liyuan Gao? and Jiayuan Xu*

" School of Information Engineering, Tianjin University of Commerce, Tianjin, China, 2 School of Sciences, Tianjin University of
Commerce, Tianjin, China, ° Department of Molecular Imaging, Qingdao Central Hospital, Qingdao University, Qingdao,
China, * Department of Radliology and Tianjin Key Laboratory of Functional Imaging, Tianjin Medical University General
Hospital, Tianjin, China

Late-onset Alzheimer’s disease (LOAD) is a common irreversible neurodegenerative
disease with heterogeneous genetic characteristics. Identifying the biological biomarkers
with the potential to predict the conversion from normal controls to LOAD is clinically
important for early interventions of LOAD and clinical treatment. The polygenic risk
score for LOAD (AD-PRS) has been reported the potential possibility for reliably
identifying individuals with risk of developing LOAD recently. To investigate the
external phenotype changes resulting from LOAD and the underlying etiology, we
summarize the comprehensive associations of AD-PRS with multiple biomarkers,
including neuroimaging, cerebrospinal fluid and plasma biomarkers, cardiovascular risk
factors, cognitive behavior, and mental health. This systematic review helps improve the
understanding of the biomarkers with potential predictive value for LOAD and further
optimizing the prediction and accurate treatment of LOAD.

Keywords: late onset Alzheimer’s disease, polygenic risk score, biomarker, prediction, brain

INTRODUCTION

Alzheimer’s disease (AD) which accounts for about 70% of dementia is an irreversible progressive
polygenic neurodegenerative disease with insidious onset (Kametani and Hasegawa, 2018; Breijyeh
and Karaman, 2020; Tank et al., 2022). By age at onset, AD can be classified into early-onset AD
(EOAD) and late-onset AD (LOAD). EOAD is an autosomal dominant disease with heritability
of more than 70% (Gatz et al., 2006; Wingo et al., 2012) and three responsible mutated genes, the
amyloid protein precursor gene (APP), presenilin-1 gene (PSEN1), and presenilin-2 gene (PSEN2),
were found to mainly dominate the production, aggregation, and clearance of amyloid p-protein
(AB) (Cacace et al., 2016). Unlike the EOAD, LOAD occurs in more than 95% of the AD patients
with a relatively complex polygenetic mechanism (Zhu et al., 2015; Xiao et al., 2017), and the
related external phenotype changes in the very early stage. Although aducanumab can reduce the
amyloid deposition in the brain and has been approved by Food and Drug Administration to treat
Alzheimer’s disease lately, however, controversy about it still exists (Selkoe, 2021; Servick, 2021).
Therefore, identifying the biomarkers with the potential to predict the conversion from normal
controls to LOAD and the progression of LOAD is clinically very important for early interventions.
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Lietal

PRS for LOAD With Biomarkers

In recent years, genome-wide association studies (GWAS)
have been widely applied to study complex neuropsychiatric
disorders (Ripke et al., 2014; Lello et al., 2019; van der Merwe
et al,, 2019; Levey et al., 2021; Peyrot and Price, 2021) and
more than 200 susceptibility genetic variants have been identified
to characterize the polygenetic architecture of LOAD (Chen
et al, 2021). To overcome the small effect size of a single
genetic variant, some polygenic methods have been developed
to quantify the cumulative effects of multiple genetic variants
related to complex diseases (Tan et al.,, 2018; Altmann et al.,
2020; Choi et al., 2020), of which the polygenic risk score
(PRS) is the most representative and widely used method (Wray
et al., 2021). With the release of large-sample GWAS summary
statistics for LOAD (Lambert et al.,, 2013; Weiner et al., 2015;
Kunkle et al., 2019), AD-PRS, which measures the cumulative
genome-wide-weighted effects of LOAD-risk genetic variants, is
being increasingly used with multiple biomarkers to identify the
underlying neurobiological mechanisms of LOAD.

In this review, we summarized the research progress of the
associations of AD-PRS with multiple biomarkers, including
neuroimaging, cerebrospinal fluid, and plasma, cardiovascular
risk factors, cognitive behaviors, and mental health. This review
is helpful to identify the biomarkers with the potential to predict
the occurrence and development of LOAD, which is clinically
important for the early diagnosis and interventions of this
complex disease. A schematic summary of the related work in
this review is shown in Figure 1 and Table 1.

ASSOCIATIONS OF AD-PRS WITH
NEUROIMAGING BIOMARKERS

Exploring the structural and functional changes through
medical imaging techniques is crucial for understanding
LOAD development. Because of the advantages of safety and
information abundance, magnetic resonance imaging (MRI) has
become prominent among various medical imaging techniques.
Of the various modalities of MRI, structure MRI (sMRI),
diffusion tensor MRI (dMRI), and functional MRI (fMRI) have
been mostly applied to study the underlying neural mechanism
of LOAD and its clinical diagnosis and treatment by exploring
the correlation between AD-PRS and brain phenotypes.

sMRI is one of the most important avenues to illustrate
the brain morphological measures, for example, gray matter
volume, cortical surface area, and cortical thickness. Studies have
found that AD-PRS was associated with reduced gray matter
volume (GMV) in the hippocampus (Axelrud et al., 2018) and its
subregions (Heidi et al., 2021), left precuneus and right cingulate
gyrus cortex (Li et al., 2018), whereas with increased GMV in
the right superior frontal gyrus and caudate (Li et al., 2018).
Meanwhile, AD-PRS was found to be associated with decreased
surface area in the frontal pole (Xiao et al., 2017), decreased
cortical thickness in the bilateral medial temporal cortices (Lee
et al., 2021), posterior cingulate cortices (Sabuncu et al., 2012),
and bilateral entorhinal cortices (Harrison et al., 2016). The
changes of these brain regions are some of the most prominent
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FIGURE 1 | Association of AD-PRS with various biomarkers for LOAD.
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TABLE 1 | The work progress in the associations of AD-PRS with multiple biomarkers.

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for sample sample
PRS
r/R2 Sig. B/OR Sig. 95%CI Coordinate Sig.
[x,y,2]
MRI Structure GMVin Axelrud PRSice IGAP, BHRC, Left - Left
MRI hippocampus et al., n=74046 n=716 hippocampus: hippocampus:
2018 g = —0.301; [~0.434,—0.087];
right right
hippocampus: hippocampus:
g =-0.319 [-0.468,—-0.072]
GMVin Heidi PRSice2 IGAP, UKBB, Left cornu Left cornu
hippocampal et al., n=74046 n=17,161 ammonis: ammonis:
subregions 2021 B = —0.0209; p = —0.000629;
Right cornu Right cornu
ammonis: ammonis:
g =-0.0112 p = 0.068324
GMVinleft  Lietal, PLINK IGAP, Recruited [-12,-51, p<0.05
precuneus 2018 n=74,046 from 58.5]
society,
n =683
GMV in Lietal, PLINK IGAPR, Recruited [6, 3, 33] p < 0.05
right 2018 n=74,046  from
cingulate society,
gyrus n =683
GMV in Lietal, PLINK IGAP, Recruited [6, 66, 1.5] p < 0.05
right 2018 n=74,046 from
superior society,
frontal n =683
gyrus
GMV in Lietal., PLINK IGAP, Recruited [-1.5,4.5, p < 0.05
right 2018 n=74,046  from 1.5]
caudate society,
n =683
CSin Xiao PLINK IGAP, Recruited - p = 0.029
frontal pole etal, n=74,046  from
2017 society,
n =231
CTin Lee PLINK IGAP, ADNI, - -
bilateral etal, n=54,162 n=217
medial 2021
temporal
cortex
(Continued)
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%CI Coordinate Sig.
[x,y,2]
CTin Sabuncu PLINK ADNI, ADNI, r=-0.27 p <0.05
posterior etal, n=745 n =204
cingulate 2012
cortex
CTin Harrison - IGAP, UCLA unweighted  unweighted
entorhinal etal, n=74,046  Longevity risk score: risk score:
cortex 2016 Center, r=-0.35; p = 0.009;
n=45 weighted weighted
risk score: risk score:
r=-0.35 p = 0.009
Diffusion FA in the Foley PLINK IGAP, CUBRIC, R2 = p =0.009
tensor right etal., n=>54,162 n=272 0.032
MRI cingulum 2017
bundle
FAand MD  Harrison - - - - -
in inferior etal,
occipito- 2020a
frontal
fascicle
FA and MD Harrison - - - - -
in superior etal,
longitudinal 2020a
fascicle
FA and MD Harrison - - - - -
incingulum  etal,
2020a
FAand MD  Harrison - - - - -
in corpus etal,
callosum 2020a
MNS of Mirza- PLINK IGAP, ALSPAC, r=-0.19 p=
visual Davies n=294,437 n =562 1.3E-5
subnetwork et al.,
2021

97
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%CI Coordinate Sig.
[x,y,2]
Functional  FC Axelrud PRSice  IGAP, BHRC, discovery discovery
MRI between etal, n=74046 n=636 sample: sample:
precuneus 2019 B =0.180; p-adjusted =
and replication 0.036;
superior sample: replication
temporal B =0.202 sample:
gyrus p =0.031
FC within Suetal,  gPLINK - Recruited left middle left middle
temporal 2017 from temporal temporal gyrus
cortex hospital, gyrus: p<0.001
n=218 p=-03
Activation Zhan - - ADNI, [5, 8, 1]
in episodic etal., n =68
memory 2016
processing
network
Activation Chandler  PLINK CTGLAB, YA-HCP, p =0.102 p=0.016 [0.019, 0.186]
in etal, n= n =608
hippocampus 2020 455,258
Activation Xiao PLINK IGAP, Recruited Left Left
in etal, n=74,046 from hippocampal hippocampal
hippocampus 2017 society, activition: activition: p <
ROI n =231 [-39, —24,  0.05;
—15]; right
right hippocampal
hippocampal  activition: p
activition: <0.05
[39, —21,
15]
CBF in Chandler PLINK IGAP, Recruited B =-0.232 p =0.031
frontal etal, n=74,046  from
regions 2019 society,
n =75
Chandler PRSice  IGAP, ADNI, g =-0.38 p =0.012 [-0.68, —0.09]
etal, n=94,437 n=90
2021
(Continued)
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%CI Coordinate Sig.
[x.,y,z]
CSF and CSF AB42 Skoog PLINK IGAR, H70, include include
plasma etal, n=94,437 n=2303 APOE: APOE:
biomarkers 2021 r= p=
—0.4092; 0.0017;
exclude exclude
APOE:r = APOE:
—0.2789 p=
0.1285
T-tau Porter - IGAP, AIBL, include include
etal, n=74046 n=10643 APOE: APOE:
2018a r= p=
0.1949; 0.1499;
exclude exclude
APOE: APOE:
r=0.1787 p=
0.0348
P-tau Porter - IGAP, AIBL, include include
etal, n=74046 n=0643 APOE: APOE:
2018a r= p=
0.1543; 0.2568;
exclude exclude
APOE: APOE:
r=0.2044 p=
0.0719
Ration of Lietal, PLINK IGAP, Recruited r=-0.25 p < 0.001
AB42/AB40 2020 n=74,046 from
hospital,
n =925
Plasma Clusterin Morgan - IGAP, Recruited PRS: PRS:
etal, n=74,046 from r=0.2; p = 0.05;
2017 society, Immune Immune
n =293 specific specific
PRS: PRS:
r=0.25 p =0.02
Complement  Morgan - IGAP, Recruited Immune Immune
receptor 1 etal, n=74,046  from specific specific
inhibitor 2017 society, PRS: PRS:
n =293 r=0.22 p =0.05

(Continued)
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%Cl Coordinate Sig.
[x,y,2]
C-reactive Morgan - IGAP, Recruited Immune Immune
protein etal, n=74,046  from specific specific
2017 society, PRS: PRS:
n=293 r=0.16 p=0.13
Osteopontin =~ Zhou R - Recruited B =0.673 p = 5.95E-04
etal, from
2020 hospital,
n=2829
Neurocan Zhou R - Recruited g =0.411 p =1.94E-03
core etal, from
protein 2020 hospital,
n=2829
P-tau 181 Zettergren - IGAP, ADNI, include APOE: include APOE:
etal, n =962 n=2818 B =018~ p=3E-18 ~
2021 0.19 7TE-15
exclude APOE:  exclude APOE:
B =0.05~ p=23E—4~
0.11 0.038
Diabetes Richardson - - UBKK, - -
etal, n=
2019 334,398
Diastolic Richardson - - UBKK, - -
blood etal, n=
pressure 2019 334,398
Mid-life Baumgart - - - - -
hypertension et al.,
and 2015
obesity
Traumatic Baumgart - - - - -
brain injury etal,
2015
Coronary Elman PLINK IGAP, VETSA, - -
heart etal., n=74046 n=1,329
disease 2019

(Continued)

Tewn

Siexfewlolg M dvo 10} SHd


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

610" UISI8UOIL MMM | 80UBI0s0INaN Bulby ul sienuol

SYY6Y8 801y | 171 8WN|OA | 2202 IWdy

TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%Cl Coordinate Sig.
[x,y.2]
PRS of Elman PLINK IGAP, VETSA, OR=1.38 p =0.023 [1.05, 1.83]
Coronary etal, n=74046 n=1,329
artery 2019
disease
Height and Korologou-  PLINK IGAP, ALSPAC, height- height-adjusted
weight Linden n=74046 n=7,977 adjusted fat fat mass:
etal, mass: [-0.92, 2.11];
2019b B =0.59% ; height-adjusted
height- lean mass:
adjusted lean [-0.03, 0.11]
mass:
B = 0.04kg
Triglyceride Korologou-  PLINK IGAP, ALSPAC, - -
Linden n=74,046 n=7977
etal,
2019b
Insulin and Korologou-  PLINK IGAP, ALSPAC, - -
C-reactive Linden n=74046 n=7,977
protein etal,
2019b
Cognitive ~ Cognitive  Immediate Marden - IGAP, HRS, non-Hispanic non-Hispanic
behavior behavior memory etal, n=74046 n=8,253 whites: whites:
and 2016 B = —0.058; [-0.074,-0.043];
mental non-Hispanic non-Hispanic
health blacks: blacks:
B = —0.050 [-0.106,0.006]
Verbal Porter R - AIBL, include include
episodic etal, n =226 APOE: APOE:
memory 2018b r= p=
—0.259; 0.00003;
exclude exclude
APOE: APOE:
r=-0.208 p=0.004
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
for Sample sample
PRS
r/R2 Sig. B/OR Sig. 95%CI Coordinate Sig.
[x,y,2]
General Lietal, PLINK IGAP, Recruited Working Working
episodic 2018 n=74,046 from memory memory 2-back:
memory society, 2-back: p=0.196;
n =683 p = —0.068; Working
Working memory 3-back:
memory p =0.249
3-back:
B = —0.061
Total Korologou-  PLINK IGAP, ALSPAC, g =-0.04 p = 0.002 [-0.07, —0.02]
intelligence Linden n=74046 n=5,525
quotients etal,
2019a
Verbal Korologou-  PLINK IGAP, ALSPAC, B =-0.04 p =0.003 [-0.07, —0.01]
intelligence Linden n=74046 n=5,525
quotients etal,
2019a
Performance Korologou- PLINK IGAP, ALSPAC, B = —0.03 p=0.012 [-0.06, —0.01]
intelligence Linden n=74,046 n=5,525
quotients etal,
2019a
Economic Shin - IGAP, HRS, hands-on hands-on
behaviors etal, n=74,046 n=2936 assets: assets: p <
2019 B = —0.3558; 0.001;
hands-off hands-off
assets: assets: p > 0.05
p=0.1114
Ajnakina PRSice IGAP, ELSA, intermediate intermediate intermediate
etal., n=74046 n=7039 wealth: wealth: wealth: [-0.24,
2020 B =-0.13; p =0.03; —0.01];
low wealth: low wealth: p < low wealth:
g =-0.21 0.001 [-0.30, —0.07]
Mental Delusions Creese PRSice PGC, ADNI, Bp=1.18 p = 0.001 [1.06, 1.3]
health etal, n= n=3111
2019 150,034

102
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TABLE 1 | Continued

Biomarker Subfields Variables References Program Base Target Correlation Regression MRI coordinate
Sample sample
r/R2 Sig. B/OR Sig. 95%ClI Coordinate Sig.
[x,y,z]
Schizophrenia PGC, ADNI, Psychosis Psychosis wide: Psychosis wide:
n= n=3,111 wide: OR = p = 0.003; [1.05, 1.23];
150,034 1.14; Psychosis Psychosis
Psychosis narrow: narrow: [1.06,
narrow: OR = p = 0.002 1.28]
1.16
Hallucinations IGAR, PEG, OR=1.37 [1.08, 1.83]
n=74,046 n=281;
PW,
n=118
PGC, ADNI, - _
n= n=3111
150,034
Neuroticism - GEM, OR=1.36 [1.08, 1.71]
n=767
Major PGCn = ADNI, - -
depression 150,034; n =322
disorder IGAP n =
74,046

ADNI, Alzheimer’s Disease Neuroimaging Initiative; AIBL, Australian Imaging, Biomarkers and Lifestyle study; ALSPAC, Avon Longitudinal Study of Parents and Children; AB, amyloid B-protein; BHRC, Brazilian High Risk Study for
Psychiatric Disorders; CBF, cerebral blood flow; CS, cortical surface; CSF, cerebrospinal fluid; CT, cortical thickness; CTGLAB, Complex Ttait Genetics Lab;, CUBRIC, Cardiff University; Brain Research Imaging Centre; dMRI, diffusion
tensor MRI; ELSA, English Longitudinal Study of Aging; FA, fractional anisotropy; FC, functional connectivity; GEM, Details of the Ginkgo Evaluation of Memory study; GMV, gray matter volume; H70, Gothenburg H70 Birth Cohort
Studlies; HRS, Health and Retirement Study; IGAR, International Genomics of Alzheimer’s Project; MD, mean diffusivity; MINS, mean nodal strength;, PEG, The Parkinson’s Environment and Gene study; PGC, Psychiatric Genomics
Consortium; PRS, polygenic risk score; P-tau, phosphorylated tau; PW, Norwegian ParkWest study; ROI, region of interest; sMRI, structure MRI; T-tau, total tau; UBKK, UK Biobank; UCLA Longevity Center, University of California of

Los Angeles Longevity Center; VETSA, Vietnam Era Twin Study of Aging; YA-HCR, Young Human Connectome Project; -, indicates that the information is not mentioned in the original text.
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early pathological features of LOAD and can be used as reliable
predictive measures for the conversion from normal controls or
mild-cognitive impairment to LOAD (Yang et al., 2012).

dMRI is mainly used to measure the microstructural integrity
of the white matter through modeling-water diffusivity in the
tissue microstructure (Kilimann et al.,, 2013), with fractional
anisotropy (FA) and mean diffusivity as the two most used
indices. AD-PRS is associated with decreased FA in the right
cingulum bundle in healthy adults (Foley et al, 2017). AD-
PRS was also found to be associated with reduced FA and
increased mean diffusivity across the whole brain white matter
tracts, notably in the inferior occipitofrontal fascicle, superior
longitudinal fascicle, cingulum and corpus callosum in the AD
patients (Harrison et al., 2020a). Recently, Mirza-Davies et al.
(2021) found the visual subnetwork constructed based on dMRI
was also correlated with AD-PRS.

fMRI was used to evaluate brain activity by detecting changes
associated with blood flow (Smitha et al., 2017), referred to
as the blood-oxygen-level-dependent (BOLD) signal in the
brain-resting or task-based state. AD-PRS was found to be
associated with increased functional connectivity between the
right precuneus and the right superior temporal gyrus in the
youths, which might impact memory performance and inhibitory
control in early life (Axelrud et al.,, 2019). AD-PRS was also
found to be associated with decreased functional connectivity
within the temporal cortex in mild-cognitive impairment patients
(Suetal., 2017). The hippocampal activation, mostly responsible
for episodic memory processing, was severely impaired in the
LOAD patients (Zhan et al.,, 2016; Xiao et al., 2017). However,
contrary research findings have been reported between the AD-
PRS and hippocampal activation. Chandler et al. (2020) found
a significantly positive correlation and Xiao et al. (2017) found
a significantly negative correlation during the episodic memory.
This divergence may be due to the different task codings and
sample size of the studies.

Arterial spin labeling was a functional MRI technology for
measuring tissue perfusion to quantify the cerebral blood flow
(CBF) in a given period with high time resolution (Rostami
etal,, 2014). There is a hypothesis proposing that insufficient CBF
increases the risk of developing LOAD, leads to the decline of
consciousness and dysfunction of LOAD, and even can be treated
as an early antecedent of LOAD (Chandler et al., 2021). AD-PRS
was found to be negatively correlated with CBF on many brain
regions across the younger and older participants, including the
frontal pole, middle frontal gyrus, inferior frontal gyrus, insular,
frontal medial cortex, and orbitofrontal cortex (Chandler et al.,
2019, 2021). These studies may shed light on exploring the key
molecular processes that underpin LOAD.

All of the above findings together revealed the close
relationship between the cumulative genetic risk of LOAD and
the changes in the brain structure and function, providing
new perspectives to explain the pathophysiology of LOAD. The
combination of the neuroimaging biomarkers with AD-PRS to
predict the LOAD development is attracting attention (Harrison
etal,, 2016, 2020b; Williams et al., 2021) and this is thought to be
a promising step toward improving the very early identification
of LOAD (Williams et al., 2021).

ASSOCIATIONS OF AD-PRS WITH
CEREBROSPINAL FLUID AND PLASMA
BIOMARKERS

The concentration determination of A, total tau (T-tau), and
phosphorylated tau (P-tau) in the cerebrospinal fluid (CSF) are
three classical biomarkers for the clinical diagnosis of LOAD (Lee
et al,, 2019; Shen et al., 2021). The changes of these measures in
the brain occur more than 15 years before the onset of symptoms
in LOAD patients (Bateman et al., 2012; Dementia, 2021). More
studies devoted to the association analysis of AD-PRS and these
biomarkers found that AD-PRS was not only correlated with
the CSF levels of AB42, AP42/AB40, T-tau, and P-tau in the
older adults (Porter et al., 2018a; Li et al., 2020), but could also
predict the incidence rate of LOAD and the age at onset (Li et al.,
2020). In addition, there was an interaction between AD-PRS
and the AP42 pathology status to the neurofilament light (NfL)
(Skoog et al., 2021). Moreover, the A/T/N criteria including a
combined accumulation of amyloid plaques (A), neurofibrillary
tangles composed of tau (T), and neurodegeneration (N) can
predict the cognitive decline and clinical progression of LOAD
(Soldan et al., 2019; Ebenau et al., 2020) and are recommended to
be included in the diagnostic categories of LOAD (Foley et al.,
2017). AD-PRS also showed a significant correlation with the
A/T/N profiles (Ebenau et al., 2021). A study found that the
integration of genetic risk across the AD biomarkers like A/T/N
may improve the prediction of the disease progression (Moore
etal., 2019).

Various inflammations occur in pathologically vulnerable
brain regions in LOAD patients (Akiyama, 2000) and many
plasma biomarkers of inflammation are useful for early diagnosis
and monitoring the progression of LOAD (Kinney et al., 2018;
Naveed et al.,, 2019). AD-PRS was found to be associated with
various increased inflammatory biomarkers in the plasma, such
as clusterin, complement receptor 1 inhibitor and C-reactive
protein (Morgan et al., 2017), osteopontin and neurocan core
protein (Zhou et al., 2020), and P-tau 181 (Zettergren et al,
2021). Similar to other biomarkers, the integration of AD-
PRS and inflammatory biomarkers can also greatly improve the
sensitivity and specificity of predicting LOAD. These findings
not only facilitate the development of genetic tools for assessing
the individual risk of LOAD but could also improve our
understanding of the underlying mechanisms of this disease.

ASSOCIATIONS OF AD-PRS WITH
CARDIOMETABOLIC RISK FACTORS

Many cardiometabolic risk factors are implicated in the etiology
of LOAD and are thought to lie on the pathways linking the
genetic variants of LOAD (Korologou-Linden et al., 2019b). Of
these factors, cardiovascular risk factors are found to increase
the incidence of LOAD (Lin et al, 2019), which may be
due to the high genetic association between LOAD and many
cardiovascular diseases, such as hypertension (Baumgart et al.,
2015), coronary heart disease (Elman et al., 2019), diabetes, and
diastolic blood pressure (Richardson et al., 2019). AD-PRS was
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also found positively associated with other cardiometabolic risk
factors such as traumatic brain injury, obesity, and hypertension
in adults (Baumgart et al., 2015). However, these associations
are not consistent throughout the whole life trajectory. For
example, Korologou-linden et al. did not detect evidence to
suggest that AD-PRS acts through childhood and adolescent
cardiometabolic risk factors (Korologou-Linden et al., 2019b).
More studies should be conducted in other large-birth cohorts
to examine whether the genetic risk for Alzheimer’s disease can
be captured in early childhood. If not, further studies should
examine whether and why these associations emerge only later, in
adulthood, when the variation in the cardiometabolic risk factors
is likely to be greater.

The combination of the genetic accumulation risk of LOAD
and some vascular risk factors increased the predictive potential
of LOAD for the shared genetic heritage (Li et al., 2016).
The coronary artery disease (CAD) interacting with the LOAD
pathology is highly heritable and CAD-PRS has been widely
used to improve cardiovascular risk prediction (Wehby et al.,
2018; Elliott et al., 2020; Levin and Rader, 2020). A healthy adult
group with higher CAD-PRS and AD-PRS showed a significantly
increased risk of developing amnestic mild-cognitive impairment
(aMCI) (Elman et al., 2019), which is a state of cognitive deficit
that is not severe enough to fulfill the criteria of dementia
(Bennett et al., 2002) and showed a much higher probability of
developing into LOAD (Chaudhury et al.,, 2019). In summary,
AD-PRS, combined with the PRS of cardiovascular risk factors,
has shown a superior predictive value of onset of aMCI
and LOAD compared to the independent application of AD-
PRS, indicating the importance of infusing multiple PRSs and
their interactions.

ASSOCIATION OF AD-PRS WITH
COGNITIVE BEHAVIORS AND MENTAL
HEALTH

The impairment of episodic memory and decline in advanced
cognitive functions are the earliest and most characteristically
clinical manifestations of LOAD (Bickman et al., 2004). In the
early stage, cognitive behaviors and mental health of the LOAD
patients are partially impaired, which complicate and intertwine
with the occurrence and progression of LOAD. Exploring the
association between AD-PRS and cognitive functions has aroused
many important findings. For example, AD-PRS was reported
to be associated with lower total, verbal, and performance
intelligence quotients in childhood and adolescence (Korologou-
Linden et al., 2019a), whereas no significant associations were
identified in the cognitively normal adult individuals (Li et al.,
2018). Moreover, increasing studies showed that AD-PRS had
a significant negative correlation with immediate memory and
verbal episodic memory, which increases the predictive efficiency
of conversion from healthy controls to LOAD (Marden et al.,
2016; Porter et al.,, 2018b). It is worth noting that, in a study
of Chinese samples, a significant correlation between AD-PRS
and episodic memory ability was not found (Li et al., 2018).

The inconsistency may be caused by ethnic differences or the
evaluation efficiency of different memory scales.

AD-PRS was found to be closely associated with economic
behaviors. Individuals with different levels of AD-PRS showed
different saving behaviors and wealth composition (Shin et al.,
2019), for instance, individuals with higher AD-PRS are more
likely to hold less wealth in the Individual Retirement Accounts
and to have simpler managed assets, such as fixed deposits,
whereas individuals with lower AD-PRS have more complex
managed assets, such as stocks (Shin et al., 2019). In addition, it
was suggested that the interaction between higher AD-PRS and
lower wealth levels would lead to the early-onset age of LOAD
and accelerate its development (Ajnakina et al., 2020).

Mental health is also a vital risk factor affecting the onset
and progression of LOAD, and up to 50% of LOAD patients
have psychosis symptoms, such as hallucinations and delusions
(Creese et al, 2019). Studies have shown that AD-PRS is
positively correlated with neuroticism (Duberstein et al., 2011;
Terracciano and Sutin, 2019) and hallucinations (Kusters et al.,
2020). The association between AD-PRS and cognition was also
mediated by these two personality traits (Stephan et al., 2018).
Further, a combination between AD-PRS and major depression
disorder-PRS has been used to study LOAD and their integration
would significantly increase the ability to predict conversion from
aMCI to LOAD (Xu et al., 2018). The above results indicated
that LOAD shared a highly genetic association with mental
health disorders.

OPPORTUNITIES AND CHALLENGES FOR
AD-PRS APPLICATIONS

AD-PRS has been widely used in many different research fields
and has exhibited a huge ability in the prediction of LOAD.
However, there was large heterogeneity in AD-PRS considering
the huge variations in the calculation pipeline (Choi et al., 2020).

First, the selection of a certain P threshold from the GWAS
summary statistics of the discovery sample was quite important
for building PRS in the target sample, because it determined how
many SNPs were included for calculation. In the classic AD-
PRS calculation method, only those SNPs less than a predefined
Pr threshold were included (Axelrud et al,, 2018). Recently,
the optimal Pr threshold method was applied widely, in which
a series of AD-PRS were typically calculated over a range of
thresholds, and the associations between the target trait and each
AD-PRS were calculated to find out the best prediction model
with the underlying Pr threshold accordingly was set as the
optimized Py threshold in the calculation of PRS (Choi et al.,
2020). Second, after identifying the Pr threshold, the calculation
strategies of PRS in the target sample also varied. The simple AD-
PRS only calculates the number of risk alleles assuming that all
SNPs have the same effect on the disease. More commonly, an
odds-ratio-weighted PRS was calculated for each individual as the
sum of the count of risk alleles multiplied by the corresponding
effect sizes across these SNPs. Third, the quality of the base
sample and target sample including ethnicity, sample size, and
the number of genetic variants used has a great impact on the
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AD-PRS and will exert the findings. To date, no consensus has
been reached about these points and various strategies have been
adopted by researchers, which of course will hamper the utility of
the AD-PRS for a clinical diagnosis.

Besides the above points, another important question is
whether the APOE-¢4 should be included for calculating AD-
PRS, which is the largest risk factor for LOAD (Kim et al,
2009). At present, the accuracy of predicting the risk of LOAD
by using the PRS method is 84% (Escott-Price et al., 2015,
2017). However, by far, the APOE-¢4 allele (risk) and the APOE-
€2 allele (protective) contributed the largest to this risk, where
the predictive accuracy could reach 0.68 (APOE-g4) and 0.69
(APOE-g4+APQOE-¢2) in the clinical samples (Escott-Price et al.,
2015). An important practical and theoretical consideration is
to understand how good AD-PRS is when excluding the APOE-
€4 gene risk and no consensus has been reached so far. Thus,
associations of the AD-PRS with multiple biomarkers adjusting
for APOE locus or not need to be tested.

It should be noted that, although some limitations about AD-
PRS still need to be addressed, the advanced development of
large-GWAS studies and data-sharing policies are driving the
AD-PRS to be constantly optimized and updated for drawing
unambiguous conclusions about LOAD. For example, many
researchers have identified that AD-PRS was associated with
lower hippocampal volume in different target samples using
different Prwhen using the publicly available International
Genomics of Alzheimer’s Project (IGAP) as the base sample
(Mormino et al., 2016; Axelrud et al., 2018; Heidi et al., 2021;
Tank et al., 2022). The underlying reason may be that the base
sample from IGAP or UK Biobank is very large which can reduce
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