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Abstract

The aims of the study are to evaluate idiopathic normal-pressure hydrocephalus

(INPH)-related cerebral blood flow (CBF) abnormalities and to investigate their rela-

tion to cortical thickness in INPH patients. We investigated cortical CBF utilizing

surface-based early-phase 18F-florbetaben (E-FBB) PET analysis in two groups: INPH

patients and healthy controls. All 39 INPH patients and 20 healthy controls were

imaged with MRI, including three-dimensional volumetric images, for automated

surface-based cortical thickness analysis across the entire brain. A subgroup with

37 participants (22 INPH patients and 15 healthy controls) that also underwent 18F-

fluorodeoxyglucose (FDG) PET imaging was further analyzed. Compared with age-

and gender-matched healthy controls, INPH patients showed statistically significant

hyperperfusion in the high convexity of the frontal and parietal cortical regions.

Importantly, within the INPH group, increased perfusion correlated with cortical

thickening in these regions. Additionally, significant hypoperfusion mainly in the ven-

trolateral frontal cortex, supramarginal gyrus, and temporal cortical regions was

observed in the INPH group relative to the control group. However, this hypoperfu-

sion was not associated with cortical thinning. A subgroup analysis of participants

that also underwent FDG PET imaging showed that increased (or decreased) cerebral

perfusion was associated with increased (or decreased) glucose metabolism in INPH.

A distinctive regional relationship between cerebral cortical perfusion and cortical

thickness was shown in INPH patients. Our findings suggest distinct pathophysio-

logic mechanisms of hyperperfusion and hypoperfusion in INPH patients.
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1 | INTRODUCTION

Idiopathic normal-pressure hydrocephalus (INPH) is not a common

neurological disorder. Only 9 of 563 (1.6%) autopsy cases showing

dementia neuropathology were suspected as INPH (Cabral

et al., 2011). Even with a low incidence, diagnosing INPH is essential

as INPH is widely viewed as a potentially treatable neurological disor-

der (Ishikawa et al., 2008). It is an adult-onset syndrome of uncertain

origin involving nonobstructive enlargement of cerebral ventricles,

and its symptoms are gait disturbance, cognitive impairment, and uri-

nary dysfunction (Ishikawa et al., 2008). The cerebrospinal fluid tap

test (CSFTT) is correlated with shunt effectiveness in INPH patients

(Wikkelsø et al., 1982), and it is associated with a high positive predic-

tive value for successful shunt surgery (Ishikawa et al., 2008). Under

the Japanese guidelines, clinical improvement following the CSFTT

increases diagnostic confidence of INPH from possible to probable

(Ishikawa et al., 2008).

The cerebral vasculature may play a role in the pathogenesis of

INPH (Owler & Pickard, 2001). Accordingly, several studies have

examined the characteristics of cerebral blood flow (CBF) in INPH;

however, the results so far have been inconsistent (Ishii et al., 2011;

Ohmichi et al., 2018; Owler & Pickard, 2001; Takahashi et al., 2019;

Waldemar et al., 1993). While CBF studies in INPH have not yet pro-

vided conclusive results, early reports suggest global CBF is decreased

and the frontal region is most likely affected (Owler & Pickard, 2001),

though, one study also reported medial frontal and parietal CBF

increased in INPH patients compared with controls (Ishii et al., 2011).

Another study reported that patients with INPH exhibited apparent

hyperperfusion of the high convexity area on visual inspection of CBF

single-photon emission computerized tomography (SPECT) images,

but the presence of this sign did not indicate real hyperperfusion of

the high convexity area on quantitative regional CBF analysis

(Ohmichi et al., 2018). Interestingly, it was reported that the absence

of regional CBF increase with an evident increase of gray matter den-

sity at the top of the high convexity might be a hallmark of INPH

(Takahashi et al., 2019). However, this study included 30 INPH

patients from nine different centers and 11 age-unmatched controls,

and comparison between groups was performed separately for

regional CBF and gray matter density (Takahashi et al., 2019). In addi-

tion, NPH was associated with an enlargement of the subcortical low

flow region, a relative reduction of blood flow in the frontal cortex,

and an asymmetrical reduction of regional CBF in the inferior and

mid-temporal cortex, and in the central white matter (Waldemar

et al., 1993). Although there was no significant difference in the corti-

cal atrophy ratings between the control subjects and the NPH

patients, only visual inspection of computed tomographic images was

performed (Waldemar et al., 1993).

Early-phase amyloid positron emission tomography (PET) images

are used as a surrogate for brain perfusion (Bergeret et al., 2021).

Early-phase distributions of most of the available amyloid tracers in

the brain during the first minutes after injection mainly reflect regional

CBF (Asghar et al., 2019). Early-phase 18F-florbetaben (E-FBB) PET is

also regarded as a reliable perfusion test, as validated by comparison

with the gold standard Tc-99 m ethyl cysteinate dimer single photon

emission tomography (Kwon et al., 2021). Generally, the blood supply

to the brain is closely coupled to glucose consumption (Tiepolt

et al., 2016). Further, in our recent study, E-FBB PET images showed

a high correlation in 18F-fluorodeoxyglucose (FDG) PET images with

regard to both quantitative analyses and visual assessments (Son

et al., 2020).

Recently, surface-based analysis has been applied in neuroimag-

ing due to its effectiveness in cortical representation (Fischl

et al., 1999; Park et al., 2006). One promising development in the

surface-based approach is with exploring cortical thickness, which can

only be mapped at the surface (Fischl & Dale, 2000; Park et al., 2006).

This surface-based approach can also provide a more accurate and

expansive analysis of PET images (Park et al., 2006). The surface-

based analysis of CBF PET is advantageous in referencing anatomical

information (i.e., cortical thickness) for a better understanding of the

anatomy-perfusion relationship in INPH (Park et al., 2006). Further, an

important advantage of the surface-based analysis approach is that it

allows joint analysis of multiple modalities on the cortical surface,

such as cortical thickness, cerebral perfusion, and cerebral metabolism

(Marcoux et al., 2018).

In this study, we investigated cortical CBF utilizing surface-based

E-FBB PET analysis in two groups: (1) INPH patients who had a posi-

tive response to the CSFTT and (2) healthy controls. The aims of the

study are (1) to evaluate the pattern of INPH-related CBF abnormali-

ties and (2) to investigate its relation to cortical thickness in INPH

patients. In a subgroup analysis, we also explored whether an associa-

tion exists between observed INPH-related CBF abnormalities and

glucose metabolism in FDG PET images in INPH patients.

2 | METHODS

2.1 | Participants

Study participants were prospectively recruited from patients admit-

ted at the Center for Neurodegenerative Diseases of Kyungpook
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National University Chilgok Hospital, South Korea from May 2017 to

August 2019. INPH diagnosis was made using the Relkin et al. criteria

(Relkin et al., 2005). A lumbar tap extracting 30–50 ml of CSF was

taken in all INPH patients. Gait changes were evaluated routinely over

7 days after the tap, and cognition and urination changes were evalu-

ated at 1 week (Kang et al., 2013). INPH patients with a positive

CSFTT response were enrolled in this study to increase diagnostic cer-

tainty. CSFTT response was defined according to three scales: Timed

Up and Go (TUG) test, INPH grading scale (INPHGS), and Korean-Mini

Mental State Examination (K-MMSE). The following criteria were

employed to identify responders: more than 10% improvement in

time on the TUG test, 1 point or more improvement on the INPHGS,

or more than 3 points improvement on the K-MMSE (Kang

et al., 2013).

Healthy controls were randomly chosen from our hospital and

were coupled with INPH patients according to age and gender. Cri-

teria for categorization as healthy controls were as follows: no active

systemic, neurological, or psychological conditions; normal examina-

tion for neurology status; and independent functionality. Controls that

were β-amyloid negative by late-phase 18F-florbetaben (L-FBB) were

selected. The K-MMSE was used to assess global cognition (Kang

et al., 2018). The K-MMSE scores of all healthy controls were above

�1.0 standard deviation of age- and education-adjusted norms.

2.2 | Neuroimaging data acquisition and analysis

2.2.1 | MRI

MRI data were gathered with a 3.0 Tesla system (GE Discovery

MR750, GE Healthcare). Three-dimensional T1-weighted, sagittal, and

inversion-recovery fast spoiled gradient echo (IR-FSPGR) MRI imaging

of the entire head, set up to optimally distinguish brain tissues (sagittal

slice thickness 1.0 mm, no gap, TR = 8.2 ms, TE = 3.2 ms, flip angle

12�, matrix size 256 � 256 pixels, and field of view = 240 mm), were

attained (Kang et al., 2018).

2.2.2 | FBB PET

FBB PET images were obtained with a three-dimensional GE Discovery

600 PET/CT scanner (GE Healthcare, Milwaukee, WI). For E-FBB PET

imaging, a fixed emission recording lasting 5 min (0–5 min postinjection)

was started following IV injection of approximately 296 MBq FBB

(Son et al., 2020). For the L-FBB PET imaging, a dynamic emission

recording was used from 90 to 107 min postinjection (Son et al., 2020).

A low-dose CT scan was done prior to late-phase acquisition and was

used for attenuation correction in early-phase and late-phase PET data

(Son et al., 2020). PET data were reconstructed with a 256 � 256 matrix,

an ordered-subset expectation maximum iterative reconstruction algo-

rithm (4 iterations; 32 subsets), and a slice thickness of 3.27 mm (Son

et al., 2020). With regard to L-FBB PET, brain amyloid-β plaque load

(BAPL) score was assessed based on visual ratings (Barthel et al., 2011).

A BAPL score of 1 was classified as β-amyloid negative, and BAPL scores

of 2 and 3 were classified as amyloid-β positive.

2.2.3 | FDG PET

A subset of participants who consented to participating in all imaging

tests also underwent FDG PET. Patients fasted for more than 6 hours,

and blood glucose levels were gathered prior to FDG administration

(Son et al., 2020). Patients with increased blood glucose levels more

than 150 mg/dL had examinations postponed (Son et al., 2020). About

185 MBq of FDG was injected intravenously, and patients were

requested to rest for 40 min in another room with dimmed light and

low noise prior to undergoing FDG PET/CT imaging (Son et al., 2020).

PET/CT was performed with the same scanner as FBB PET. A static

emission frame was acquired from 40 to 57 min postinjection. Low-

dose CT was used prior to static acquisition, and the CT scans were

used for attenuation correction (Son et al., 2020). PET data were

reconstructed with the same algorithm implemented for FBB PET

scans.

2.2.4 | Neuroimaging data analysis

The following image processing steps were applied for analyses of

cortical thickness and PET data on the cortical surface, as described in

detail elsewhere (Collins et al., 1994; Lyttelton et al., 2007;

MacDonald et al., 2000; Tohka et al., 2004; Van Essen et al., 2006).

The native MRI data of all subjects were spatially normalized to the

stereotaxic space and corrected for intensity nonuniformity artifacts

(Collins et al., 1994). A hierarchical multi-scale nonlinear fitting algo-

rithm was then applied to normalize the skull-stripped MR images by

a brain extraction tool and to provide a priori information, that is, tis-

sue probability maps for subsequent tissue classification using the

neural network classifier (Collins et al., 1994). Partial volume errors

(PVE) due to tissue-mixing at their interfaces were estimated and cor-

rected using trimmed minimum covariance determinant method

(Tohka et al., 2004). A maximum probability atlas defining all of the

major lobes and cerebellum of the brain was warped to match each

subject, and the intersection of this atlas with tissue classifications

yielded cerebellar masks which would be used to calculate the stan-

dard uptake value ratio (SUVR) of PET data (Collins et al., 1994).

Hemispheric cortical surfaces were automatically extracted from each

MR volume using the constrained Laplacian-based automated seg-

mentation with the proximities (CLASP) algorithm, which recon-

structed the inner cortical surface by deforming a spherical mesh onto

the white matter boundary and then expanded the deformable model

to the gray matter boundary (MacDonald et al., 2000). Cortical thick-

ness was measured afterward by calculating the Euclidean distance

between corresponding vertices on the white matter/gray matter

boundary surface and the gray matter/CSF intersection surface

(MacDonald et al., 2000). Examples of spatial normalization/

segmentation results of brain MRI data are given in Figure S1.
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Individual E-FBB and FDG PET imaging were transformed rigidly

into associated MRI scans with linear transformation from CT to MRI

coregistration (Son et al., 2020). Each voxel in coregistered PET

images was divided by the mean uptake of the cerebellar gray matter

in each subject to form SUVR images. A cerebellar gray matter mask

was generated from gray matter PVE images by retaining voxels with

values greater than 0.9. Volumetric SUVR information was directly

mapped to the corresponding intermediate cortical surface, halfway

between the inner and outer CLASP surfaces as it represents a rela-

tively unbiased representation of both sulcal and gyral regions, using

the nearest-neighbor projection method (Van Essen et al., 2006).

We employed an iterative surface registration algorithm to ensure

an optimal correspondence at each vertex of the cortical surface

model across individuals (Lyttelton et al., 2007). Diffusion smoothing

that generalized Gaussian kernel smoothing was used with a 30-mm

full width at half maximum kernel to augment the signal-to-noise ratio

and optimally detect changes in population.

All image processing results were visually inspected for quality assur-

ance. No manual editing was performed. We excluded four subjects (one

control subject and three INPH patients) due to image processing errors

in brain masking, tissue classification, and cortical surface extraction.

2.3 | Statistical analyses

The surface-based statistical analysis of E-FBB PET was performed using

the SurfStat toolbox (http://www.math.mcgill.ca/keith/surfstat). To ana-

lyze regional differences in SUVR between the INPH and control groups,

independent sample t tests were done on the surface model following

matches in age and gender in the two groups. The localized regional dif-

ferences in E-FBB uptake between the L-FBB-positive and L-FBB-

negative INPH cases were further analyzed by applying an analysis of

covariance with age, gender, disease duration, and INPHGS scores

entered as covariates. Multiple comparisons were considered for the ver-

tex data with a false discovery rate correction set at a 0.05 level of signif-

icance (pFDR <.05). R version 4.0.3 (https://www.r-project.org) was also

used for statistical analysis. Demographic data and average E-FBB SUVR,

cortical thickness, and FDG SUVR values within all significant clusters of

lower (or higher) E-FBB SUVR in INPH patients were compared between

the INPH and control groups. Fisher's exact and chi-square tests were

performed to compare categorical variables, and the Student's t test,

Welch t tests, and Wilcoxon rank-sum tests were used to compare con-

tinuous variables. Pearson's or Spearman's correlations were used to ana-

lyze any relationships between the average E-FBB SUVR, cortical

thickness, and FDG SUVR in INPH.

3 | RESULTS

The final sample for analysis was 39 INPH patients who had a positive

response to the CSFTT and 20 age- and gender-matched healthy con-

trols. Table 1 lists clinical and demographic parameters of INPH

patients and control subjects. No significant differences in age and

gender distribution were found between the two groups. Control sub-

jects had statistically higher K-MMSE scores than INPH patients.

Eleven of 39 INPH patients were amyloid-positive on L-FBB PET.

TABLE 1 Characteristics of participant samples used in analyses

Controls versus patients INPH patients (n = 39)

INPH patients Controls p value L-FBB-positive INPH L-FBB-negative INPH p value

All participants n = 39 n = 20 n = 11 n = 28

Gender, male 16 (41.0) 5 (25.0) .353 4 (36.4) 12 (42.9) 1.000

Age (year) 74.3 ± 6.9 72.0 ± 2.8 .073 78.7 ± 4.9 72.5 ± 6.9 .010

Education (year) 6.9 ± 4.7 10.6 ± 4.6 .008 7.3 ± 4.9 6.8 ± 4.8 .714

Duration of symptoms (year) 2.6 ± 2.0 2.3 ± 1.1 2.7 ± 2.2 1.000

Apolipoprotein E ε4+/ε4- 3/23 2/4 1/19 .123

K-MMSE 20.9 ± 5.7 28.2 ± 2.2 <.001 18.9 ± 8.6 21.8 ± 4.0 .315

INPHGS total 5.1 ± 1.6 5.7 ± 1.8 4.9 ± 1.5 .171

Participants who also underwent

FDG PET imaging

n = 22 n = 15 n = 5 n = 17

Gender, male 11 (50.0) 3 (20.0) .133 2 (40.0) 9 (52.9) 1.000

Age (year) 74.5 ± 5.3 72.0 ± 3.0 .083 79.2 ± 3.1 73.1 ± 5.0 .018

Education (year) 6.0 ± 4.4 11.3 ± 4.7 .002 5.0 ± 4.8 6.2 ± 4.4 .595

Duration of symptoms (year) 2.6 ± 2.1 2.3 ± 0.8 2.6 ± 2.4 .968

Apolipoprotein E ε4+/ε4- 0/14 0/3 0/11 1.000

K-MMSE 20.0 ± 6.0 28.3 ± 2.2 <.001 15.8 ± 10.8 21.2 ± 3.3 .325

INPHGS total 5.1 ± 1.7 6.6 ± 1.8 4.7 ± 1.4 .046

Note: Values denote number (%) or mean ± SD.

Abbreviations: FDG, 18F-fluorodeoxyglucose; INPH, idiopathic normal-pressure hydrocephalus; INPHGS, idiopathic normal-pressure hydrocephalus

grading scale; K-MMSE, Korean version of mini-mental state examination; L-FBB, late-phase 18F-florbetaben.

272 KANG ET AL.

http://www.math.mcgill.ca/keith/surfstat
https://www.r-project.org


3.1 | E-FBB PET in INPH

Figure 1 shows E-FBB mean template space images for two groups.

When compared to healthy controls, the INPH group revealed lower

E-FBB uptake mainly in the ventrolateral frontal cortex, supramarginal

gyrus, and temporal cortical regions (FDR-corrected p-value,

pFDR <.05, Figure 2). The INPH group revealed higher uptake mainly

in cortical regions near the high convexity of the frontal and parietal

regions when compared to healthy controls (pFDR <.05, Figure 2).

Figure 2b shows the average E-FBB SUVR values within all significant

clusters (clusters in Figure 2a) of lower (or higher) CBF in INPH

patients compared with healthy controls in a box-and-whisker plot.

F IGURE 1 E-FBB mean images of participant groups. Surface projections are presented for healthy controls and INPH patients. E-FBB, early-
phase 18F-florbetaben; INPH, idiopathic normal-pressure hydrocephalus

F IGURE 2 Group differences in E-FBB and cortical thickness. (a) T-maps showing the results of cortical surface-based E-FBB PET analyses.
Showing lower E-FBB uptake in INPH patients when compared to healthy controls and higher E-FBB uptake in INPH patients when compared to
healthy controls (p <.05, corrected for multiple comparisons with false discovery rate). Mean (b) E-FBB SUVR and (c) cortical thickness values for
the brain regions with significant clusters obtained on the cortical surface-based E-FBB PET analyses in A. In clusters of higher CBF in INPH
patients, INPH patients, when compared with healthy controls, showed a statistically significant increase in the average E-FBB SUVR and cortical
thickness values. In clusters of lower CBF in INPH patients, INPH patients, when compared with healthy controls, showed a statistically
significant decrease only in the average E-FBB SUVR values. See also Figure S2 for comparison between the L-FBB-positive and L-FBB-negative
INPH cases in the average E-FBB SUVR and cortical thickness for these brain regions. CBF, cerebral blood flow; E-FBB, early-phase 18F-
florbetaben; INPH, idiopathic normal-pressure hydrocephalus; L-FBB, late-phase 18F-florbetaben; SUVR, standardized uptake value ratio. *p <.05;
**p <.01; ***p <.001
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There was no significant difference in E-FBB uptake between the L-

FBB-positive and L-FBB-negative subsets within the INPH group

(pFDR <.05).

3.2 | E-FBB and cortical thickness in INPH

Figure 2c shows the average cortical thickness values within all signifi-

cant clusters (clusters in Figure 2a) of lower (or higher) CBF in INPH

patients compared with healthy controls in a box-and-whisker plot. In

clusters of higher CBF in INPH patients, the average cortical thickness

was also significantly higher in INPH patients compared to healthy

controls (p <.001). In clusters of lower CBF in INPH patients, the aver-

age cortical thickness was not significantly different between INPH

patients and healthy controls.

In the INPH group, the average cortical thickness was positively

correlated with the average E-FBB SUVR in clusters of higher CBF in

INPH patients (Figure 3).

3.3 | E-FBB and FDG in INPH

The subgroup with participants that also underwent FDG PET imaging

was further analyzed. A subset of INPH participants (n = 22) also had

an FDG PET scan. This subgroup of INPH patients seemed to be

demographically and cognitively representative of the whole group of

patients (Table S1). No significant differences were found in age and

gender distributions between the INPH and control groups. Figure 4

shows the average FDG SUVR values within all significant clusters

(clusters in Figure 2a) of lower (or higher) CBF in INPH patients com-

pared with healthy controls in a box-and-whisker plot. In clusters of

lower CBF in INPH patients, the average FDG SUVR was also signifi-

cantly lower in INPH patients compared to healthy controls (p <.001).

In clusters of higher CBF in INPH patients, the average FDG SUVR

was also significantly higher in INPH patients compared to healthy

controls (p <.001).

4 | DISCUSSION

Compared with age- and gender-matched healthy controls, INPH

patients showed statistically significant hyperperfusion in the high

convexity of the frontal and parietal cortical regions. Importantly,

within the INPH group, increased perfusion correlated with cortical

thickening in these regions. Additionally, significant hypoperfusion

mainly in the ventrolateral frontal cortex, supramarginal gyrus, and

temporal cortical regions was observed in the INPH group relative to

the control group. However, this hypoperfusion was not associated

with cortical thinning. These results provide some evidence for a char-

acteristic pattern of cerebral perfusion changes in INPH patients.

As an explanation for the characteristic regional pattern of hyper-

perfusion with cortical thickening in our INPH patients, we might

speculate as follows. First, hyperperfusion has been observed in

patients with other neurodegenerative diseases (Dai et al., 2009;

Luckhaus et al., 2008; Olm et al., 2016). A previous study using con-

tinuous arterial spin-labeling MRI reported that with regard to the Alz-

heimer's disease (AD) group versus control group, patients with AD

had increased CBF in the right anterior cingulate gyrus (Dai

et al., 2009). A previous study using contrast-enhanced perfusion-

weighted MRI reported that in a subgroup analysis, dividing all mild

cognitive impairment (MCI) and mild AD subjects into high versus low

MMSE scorers, frontobasal hyperperfusion was observed in subjects

F IGURE 3 Correlations in INPH
patients between mean E-FBB SUVR and
cortical thickness values for the brain
regions with significant clusters obtained
on the cortical surface-based E-FBB PET
analyses in Figure 2a. In the INPH group,
the average cortical thickness correlated
with the average E-FBB SUVR positively
in clusters of higher CBF in INPH patients.

CBF, cerebral blood flow; E-FBB, early-
phase 18F-florbetaben; INPH, idiopathic
normal-pressure hydrocephalus; SUVR,
standardized uptake value ratio
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with the lower MMSE scores (Luckhaus et al., 2008). Second, in other

neurodegenerative diseases, it has been suggested that hyperperfu-

sion could be a consequence of the neuroinflammation and reactive

gliosis that often follow brain pathologies (Cardenas & Bolin, 2003;

Ferraro et al., 2018; Gao et al., 2013; Narayanaswami et al., 2018;

Pekny & Pekna, 2016). One study reported that hyperperfusion might

signal the activity enhancement of a mild diseased neural population

as well as reflect neuroinflammation (Ferraro et al., 2018). Further-

more, inflammation studies in AD have reported activated microglia

surrounding β-amyloid deposits within the brain that may be responsi-

ble for a locally induced inflammatory response (Salminen et al., 2009;

Wilkinson et al., 2012), and hyperperfusion in AD has also been attrib-

uted to these inflammatory processes (Alsop et al., 2008; Lacalle-

Aurioles et al., 2014). Reactive gliosis is well known as the cellular

manifestation of neuroinflammation (Cardenas & Bolin, 2003). The

dynamic and multicellular processes of neuroinflammation are medi-

ated by the nonneuronal cells of the central nervous system, which

include astrocytes and microglia (Narayanaswami et al., 2018). And

reactive gliosis involves an early inflammatory response characterized

by the proliferation of astrocytes and microglia following injury in the

central nervous system (Gao et al., 2013). Any insult to the central

nervous system tissue, including neurodegenerative diseases, also

triggers reactive gliosis (Pekny & Pekna, 2016). Third, neuroinflamma-

tion and reactive gliosis are widely known to be associated with

hydrocephalus (Miller & McAllister, 2007). In hydrocephalus, the

stretch and compression of brain tissue caused by ventricle enlarge-

ment can cause astrocytes and microglia proliferation (Miller &

McAllister, 2007). Glymphatic dysfunction is regarded as an early

side-effect of neuroinflammation (Reeves et al., 2020). Neuroinflam-

mation induced by aging or brain disease is consistently associated

with a subsequent reduction in glymphatic fluid flux, possibly due to

coincident reactive gliosis (Reeves et al., 2020). And human studies

have implicated impaired glymphatic function in INPH (Reeves

et al., 2020). Further, ventricular dilation is thought to occur at the

expense of the compressible compartment as interstitial and intracel-

lular fluids are “squeezed” out of parenchymal pores (Fattahi

et al., 2016). Brain tissue compression can cause tissues to move into

the nonlinear elastic regime causing stiffening (Fattahi et al., 2016). In

addition, a previous MR elastography study demonstrated a unique

pattern of viscoelastic alterations due to NPH, including a concentric

pattern of stiffening near the dural surface and softening near the

ventricles (Murphy et al., 2020). Interestingly, INPH patients demon-

strated extensive surface expansion mainly in the medial aspects of

the frontal horns and the superior portion of the bilateral lateral ven-

tricles, which are surrounded by the medial frontal lobe and the high

convexity of the frontal and parietal regions (Kang et al., 2018).

Though INPH patients demonstrated extensive ventricular dilatation,

CSF space narrowing at the high convexity and high midline areas has

been conjectured to be a key imaging finding in INPH (Sasaki

et al., 2008). As a consequence, these regions might be included in the

main areas for the disease process in INPH. Fourth, in neurodegenera-

tive diseases, it has been suggested that an increase in cortical thick-

ness could be a consequence of neuroinflammation and reactive

gliosis (Femminella et al., 2019; Vilaplana et al., 2020). One recent

study found an association between astrocytosis, as measured by
11C-deuterium-L-deprenyl PET binding, and cortical thickening in

autosomal-dominant AD mutation carriers, which may suggest that

astrocyte activation and corresponding hypertrophy can explain

observed increases in cortical thickness (Vilaplana et al., 2020).

Another recent report found a positive association between

F IGURE 4 Mean FDG SUVR values
for the brain regions with significant
clusters obtained on the cortical surface-
based E-FBB PET analyses in Figure 2a. In
clusters of higher CBF in INPH patients,
INPH patients, when compared with
healthy controls, showed a statistically
significant increase in average FDG SUVR
values. In clusters of lower CBF in INPH

patients, INPH patients, when compared
with healthy controls, showed a
statistically significant decrease in the
average FDG SUVR values. CBF, cerebral
blood flow; E-FBB, early-phase 18F-
florbetaben; FDG, 18F-
fluorodeoxyglucose; SUVR, standardized
uptake value ratio. *p <.05;
**p <.01; ***p <.001
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microgliosis, as measured by translocator protein 18 kDa PET, and

gray matter volume in an early MCI stage of AD, which may suggest

that microglial activation is associated with cortical swelling from an

early stage (Femminella et al., 2019). Consistent with our findings, a

prior SPECT study on cerebral perfusion patterns in INPH patients

demonstrated increased perfusion in the frontal, parietal, and occipital

areas at high convexity (Ishii et al., 2011). To our knowledge, no study

has simultaneously reported cerebral perfusion measurements, corti-

cal thickness, and cerebral glucose metabolism in INPH patients. In

our study, we cautiously hypothesize that hyperperfusion in INPH

may result from neuroinflammation and reactive gliosis. However, the

biological mechanisms producing hyperperfusion in INPH are still not

fully understood, and future studies are warranted to better investi-

gate this aspect.

As an explanation for characteristic patterns of hypoperfusion

without cortical thinning in our INPH patients, we might speculate as

follows. First, in neurodegenerative diseases, neuroinflammation often

occurs along with the degenerative process (Garcia-Gonzalez

et al., 2018). Moreover, at any given time, different brain areas are in

different states (Jack Jr. et al., 2010). Second, cerebral hypoperfusion is

known to be associated with neuronal degeneration (Chen et al., 2011),

and is often seen in patients with INPH (Ishii et al., 2011; Momjian

et al., 2004). Regarding CBF in INPH patients, many previous studies

using SPECT or PET have demonstrated decreased frontal-dominant

perfusion (Momjian et al., 2004). Ventriculomegaly appears to adversely

affect vascular supply to specific brain regions (Del Bigio, 1993). Fur-

ther, temporal lobe perfusion measured by SPECT was lower in the

INPH group relative to the control group (Ishii et al., 2011). Third, in

AD, it has been suggested that cerebral hypoperfusion could precede

cortical thinning (Nielsen et al., 2020). A previous study using structural

and perfusion-weighted MRI reported hypoperfusion, reduced blood

volume, and elevated capillary transit-time heterogeneity in the parietal

and frontal cortices of amyloid-positive MCI patients compared to con-

trols, while only the precuneus showed focal cortical thinning (Nielsen

et al., 2020). The study suggested further that microvascular flow dis-

turbances might antedate cortical atrophy in amyloid-positive MCI

(Nielsen et al., 2020). Additionally, aging animals that were kept for pro-

longed periods of time after chronic brain hypoperfusion also devel-

oped brain capillary degeneration in the CA1 hippocampus, and

neuronal damage extending from the hippocampal region to the tem-

poroparietal cortex where neurodegenerative tissue atrophy eventually

formed (de la Torre, 2000). It seems therefore that as a result of cere-

bral hypoperfusion, brain atrophy may occur (de la Torre, 2000). Inter-

estingly, similar to the concept of ischemic penumbra for stroke, it has

been hypothesized that at least in some regions of the brain, nona-

trophic hypometabolism may be the “neurodegenerative penumbra”
preceding definitive cortical changes associated with atrophy

(Rodriguez-Oroz et al., 2015). Considering the connection between

brain perfusion and glucose metabolism, we can hypothesize that hypo-

perfusion without cortical thinning may also be the neurodegenerative

penumbra in INPH. However, this hypothesis requires more definitive

evidence in prospective longitudinal studies to determine any histo-

pathological and biochemical basis.

A subgroup analysis of participants that also underwent FDG PET

imaging showed that increased (or decreased) cerebral perfusion was

associated with increased (or decreased) glucose metabolism in INPH.

As mentioned above, in our previous study we reported that E-FBB

PET, which reveals cerebral perfusion, correlated strongly with FDG

PET, and it seems to be a valid surrogate marker for metabolic and

synaptic abnormality (Son et al., 2020). Although the role of AD in

patients with INPH is debated, it has been suggested that AD pathol-

ogy contributes to the symptomatology of INPH and has an adverse

effect on treatment outcomes (Hamilton et al., 2010). Single-session

dual time-point FBB PET imaging may not only provide information

on comorbid AD pathology in INPH patients but also on INPH-related

CBF and metabolism abnormalities. And this might be important for

diagnosis of INPH. However, these results should be interpreted cau-

tiously due to the limited number of participants. In addition, a previ-

ous study reported that INPH patients, when compared with healthy

controls, showed no specific pattern of significant cortical hypometa-

bolism (Townley et al., 2018). However, this study was limited to only

7 participants with INPH (Townley et al., 2018).

INPH patients were selected in sequence from our INPH registry.

We reduced potential bias using objective grading scales prior to and

subsequently following CSFTTs as opposed to subjective accounts by

patients or caregivers. Nevertheless, our study had some limitations.

The first limitation was that INPH patients with a negative CSFTT

response were not selected for this study to increase diagnostic cer-

tainty of INPH by limiting the analysis to CSFTT positive responders.

Following the Japanese guideline, clinical improvement after the

CSFTT is an important indicator that enhances diagnostic certainty

from possible to probable (Ishikawa et al., 2008). However, patients

with INPH in the advanced stage were also known to have a poor

prognosis for treatment (Tsakanikas & Relkin, 2007). Considering the

connection between the CSFTT and shunt-responsiveness (Wikkelsø

et al., 1982), future studies assessing a wide sample of INPH patients

in different stages of the disease would be necessary to understand

the disease-stage-dependent changes of cortical CBF in INPH. The

second limitation was that additional biomarkers of neuroinflamma-

tion were not tracked in our study. As a result, reactive gliosis could

not be confirmed in our study participants. However, we think that

there might be justification for investigating both cortical thickness

and perfusion utilizing surface-based analysis in a relatively large

study of INPH patients. Third, according to standards of clinical work,

our PET data were acquired without arterial blood sampling. Absolute

quantification of PET brain imaging requires the measurement of an

arterial input function (AIF) (Sundar et al., 2019). Currently, arterial

blood sampling is the standard approach for obtaining the AIF; how-

ever, this is invasive and technically challenging (Su et al., 2013).

Therefore, the widely used quantification index in PET imaging is the

semiquantitative SUVR, which is the ratio of radioactivity concentra-

tion of the target and reference regions (Ottoy et al., 2017). Cerebellar

gray matter was used as a reference region in this study because of its

low susceptibility to age-related atrophy and changes in metabolism

and CBF (Ottoy et al., 2019). Furthermore, in a recent study using N-

isopropyl-p-[123I] iodoamphetamine and the graph plot method with
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SPECT, there were no significant differences in cerebellar CBF

between subjects with INPH and healthy controls (Takahashi

et al., 2019). However, there is currently no genuine recommendation

of guidelines for semiquantitative PET analyses in INPH. Finally, this

study included a small number of healthy elderly participants because

it was difficult to enroll cognitively normal elderly participants around

70 years of age with dual-phase amyloid PET and MRI. Findings from

this study may encourage validation in a larger multicenter cohort.

5 | CONCLUSION

A distinctive regional relationship between cerebral cortical perfusion

and cortical thickness was shown in INPH patients. INPH patients in

our study had significantly increased CBF with a concomitant increase

in cortical thickness in areas located in the high convexity of the fron-

tal and parietal cortical regions in comparison to control subjects. Sig-

nificantly decreased CBF without a concomitant change in cortical

thickness was also observed in INPH patients relative to controls in

the ventrolateral frontal cortex, supramarginal gyrus, and temporal

cortical regions. Moreover, cortical areas showing hyperperfusion on

E-FBB PET also showed hypermetabolism on FDG PET, and cortical

areas showing hypoperfusion on E-FBB PET also showed hypometa-

bolism on FDG PET. Our findings suggest distinct pathophysiologic

mechanisms of hyperperfusion and hypoperfusion in INPH patients.

Future longitudinal PET-MRI correlative studies with more partici-

pants are warranted to provide additional insights and confirm our

findings.
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