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mediating gait disorders in iNPH 
patients via neurofilament light 
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Purpose: This study aimed to analyze the differences in regional white matter 
hyperintensities (WMH) volume and cerebrospinal fluid biomarker levels between 
idiopathic normal pressure hydrocephalus (iNPH) patients with or without gait 
disorder.

Methods: Forty-eight iNPH patients undergoing bypass surgery and 20 normal 
senile individuals were included. The LST toolkit was used to segment all MRI 
fluid attenuation inversion images and quantify the WMH volume in each brain 
region. Cerebrospinal fluid was collected from all individuals and measured for 
concentrations of Aβ, t-tau, p-tau, and neurofilament light chain (NfL). Patients 
with iNPH were followed up for 1 year and divided categorized into a gait disorder 
improvement group and no improvement group according to the 3 m round-trip 
test time parameter improvement by more than 10%.

Results: We found that WMH in all areas of iNPH patients was higher than that 
in the control group. CSF levels of Aβ, t-tau, and p-tau were lower than those in 
the control group, while NfL levels were higher than those in the control group. 
The gait (+) group NfL level was higher than that in gait (−), and there were no 
statistical differences in Aβ, t-tau, and p-tau levels. The gait (+) group of frontal 
and parietal lobe WMH volume PVH above the gait (−) group. The mediating effect 
model analysis showed that PVH might affect the gait disorder of iNPH patients 
through NfL. A 1-year follow-up of the patients after the bypass surgery found 
that 24 of the 35 patients in the gait (+) group had improvements, while 11 had no 
significant improvements. The comparison of CSF marker levels between the two 
groups showed that the CSF NfL level in the improved group was lower than that 
in the non-improved group. The WMH volume and PVH in the frontal–parietal 
lobe of the improved group were lower than those of the non-improved group.

Conclusion: iNPH patients have more serious frontoparietal and periventricular 
white matter lesions, and WMH volume in the frontoparietal may mediate the 
occurrence of gait disorder in iNPH patients through the increase of NfL level.
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1. Introduction

About 50 million people worldwide currently have dementia, 
which is expected to triple by 2050, reflecting a rapidly aging 
population, and of those 50 million people with dementia, about 10 
percent have idiopathic normal pressure hydrocephalus (iNPH) 
(Torretta et al., 2021), potentially reversible dementia with a clinical 
triad of gait disorder, urinary incontinence, and dementia (Mori et al., 
2012). The clinical manifestations and imaging of iNPH easily overlap 
and are confused with many common diseases in the elderly. It is very 
challenging to diagnose and select surgical indications correctly. The 
pathogenesis and pathophysiology of iNPH are still not well 
understood. The current consensus is that ventricle enlargement 
induced by cerebrospinal fluid (CSF) dynamics may trigger a vicious 
cycle of iNPH nerve damage. Pathophysiological factors such as 
hypoperfusion, lymphatic injury, metabolic disorders, astrogliosis, 
neuroinflammation, and destruction of the blood–brain barrier jointly 
cause white matter and gray matter lesions, ultimately leading to 
various clinical symptoms of iNPH (Bateman, 2008; Wang et al., 2020).

Leukoencephalopathy is widespread in iNPH patients (Tisell  
et al., 2011; Fällmar et al., 2021), and its imaging features are difficult 
to distinguish from ischemic leukoencephalopathy. White matter 
lesions of iNPH are characterized by hypersignal on T2-fluid 
attenuated inversion recovery (FLAIR) MRI sequences, especially 
periventricular white matter hyperintensity (PVH), mainly in the 
frontal and occipital areas (Tullberg et al., 2007). Studies have shown 
that PVH irregularly is associated with great vascular diseases (such 
as aortic and carotid atherosclerosis) (de Leeuw et al., 2000a,b), which 
may be the result of chronic hemodynamic dysfunction with ischemic 
demyelination and axon loss (Román, 1987; van Swieten et al., 1991). 
Deep white matter hyperintensity (DWMH) is associated with 
vascular complications such as hypertension and lacunar infarction 
(Mäntylä et al., 1999; Pantoni et al., 2005; Doubal et al., 2010), and it 
is generally believed that these peripheral lesions represent ischemic 
tissue damage secondary to brain small vessel disease. Some studies 
believe lateral ventricular and deep white matter lesions reduce brain 
plasticity, which is negatively correlated with the surgical effect 
(Krauss et al., 1996). Therefore, for patients with iNPH combined with 
leukoencephalopathy, the choice of surgery is often very careful. 
However, it can be observed in our clinical work that the clinical 
symptoms of iNPH patients can be  significantly relieved by 
cerebrospinal fluid drainage surgery, accompanied by the obvious 
absorption of some leukoencephalopathy. Other studies have come to 
the opposite conclusion.

Symptoms of iNPH can be  attributed partly to white matter 
compression and stretching. When the motor nerve fibers of the 
corticospinal tract are pulled, gait disorders may occur (Gleason et al., 
1993). Pulling the sacral fibers of the corticospinal tract may disrupt 
bladder contraction and lead to urinary incontinence (Basser and 

Jones, 2002). Gait and balance disorder is the core symptom of iNPH 
patients, which is a high-grade frontal lobe gait disorder characterized 
by a small and unbalanced gait (Morel et al., 2019). Although this 
movement disorder can be improved by performing a cerebrospinal 
fluid release test or a shunt, this invasive procedure has an uncertain 
reactivity. It can cause complications such as infection, and a clearer 
understanding of the neurophysiological mechanisms may provide a 
new approach to response prediction. The gait disorder appeared early 
or initially, and most patients improved significantly after the lumbar 
puncture drainage test and shunt, which was easy to observe. 
Therefore, early identification, diagnosis, and intervention are 
necessary for clinical practice.

In the neurodegenerative diseases field, we  usually use some 
cerebrospinal fluid-specific biological criteria for neurodegenerative 
diseases, which are usually used for diagnosis and prediction. Current 
studies have shown AD-related core pathological changes in iNPH, 
including amyloid deposition (Agren-Wilsson et al., 2007; Hamilton 
et al., 2010; Leinonen et al., 2011) and dysregulation of t-tau and p-tau 
(Kudo et al., 2000). However, the correlation between more extensive 
AD biomarkers and postoperative clinical features of iNPH is 
inconclusive (Hannun and Obeid, 2018; Jeppsson et al., 2019). NfL is 
a scaffold protein of the neuronal cytoskeleton, which is elevated in 
several neurodegenerative diseases and is presumed to leak into 
cerebrospinal fluid during axonal injury and is a general biomarker of 
neurodegeneration (Bridel et  al., 2019). The role of the axonal 
biomarker NfL as a predictor of symptoms in patients with iNPH has 
also not been extensively studied. Tullberg et  al. found a six-fold 
increase in NfL in NPH (Normal pressure hydrocephalus) patients 
compared with healthy age-matched controls and a correlation 
between high levels of NfL and gait disorders, urinary incontinence, 
neuropsychological assessment, and social dysfunction (Tullberg 
et al., 1998). Other studies have shown that the level of cerebrospinal 
fluid NfL in NPH patients is increased, which is related to the degree 
of PVH lesions. The more postoperative NfL decreased in NPH 
patients, the greater the degree of PVH recovery and the more 
significant the overall postoperative improvement (Tullberg 
et al., 2007).

In summary, we know that leukoencephalopathy is widespread in 
patients with iNPH and is correlated with the clinical symptoms of 
patients. There are also changes in characteristic markers in the 
cerebrospinal fluid of iNPH patients, which can be used to diagnose 
and predict the outcome after shunt surgery. Therefore, we proposed 
a study on the relationship between the degree of leukoencephalopathy 
in various areas and cerebrospinal fluid markers and gait disorders in 
patients with iNPH.

2. Materials and methods

2.1. Participants

iNPH patients were continuously collected in the neurosurgery 
ward of Huadong Hospital, Affiliated with Fudan University, from 
January 2019 to December 2021(>60 year old). ① Inclusion criteria: 
patients met the diagnostic criteria of the third edition of iNPH 
guidelines (Nakajima et  al., 2021). Clinically, there is at least one 
symptom of the triad of typical gait disorder, cognitive dysfunction, 
and urinary incontinence, and the symptoms persist for more than 

Abbreviations: iNPH, idiopathic normal pressure hydrocephalus; CSF, cerebrospinal 

fluid; FLAIR, fluid-attenuated inversion recovery; PVH, periventricular white matter 

hyperintensity; T1WI, longitudinal relaxation-weighted images; T2WI, transverse 

relaxation-weighted images; DWI, diffusion-weighted images; DWMH, deep white 

matter hyperintensities; LPM, lesion probability maps; DLPFC, dorsolateral prefrontal 

cortex; TUG, time up & go; iNPHGS, iNPH grading scale; LST, Lesion 

Segmentation Tool.
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6 months; Imaging showed ventricle enlargement (Evan’s index >0.3) 
and no other causes of ventricle enlargement. There may or may not 
be signs of low density (CT) or high signal (T2-weighted image of 
MRI) around the ventricle; Coronal image showed “DESH”; Lumbar 
puncture (lateral decubitus) or intraventricular ICP monitoring 
confirmed that ICP ≤ 200mmH2O, routine and biochemical 
examination of cerebrospinal fluid was normal. The lumbar puncture 
discharge test was positive; Clinical, imaging, and biochemical 
examinations ruled out the presence of other neurological and 
non-neurological disorders that might have caused the above clinical 
manifestations. ② Exclusion criteria: did not meet the diagnostic 
criteria of the third edition of iNPH guidelines; Absolute 
contraindications exist; Patients and family members do not want to 
participate in the study; Patients with secondary NPH secondary to 
traumatic brain injury, subarachnoid hemorrhage, intracranial 
infection and other primary diseases were excluded. Patients treated 
by third ventriculostomy, lateral ventricle Ommaya sac implantation, 
extracellular ventricular drainage, and other surgical methods were 
excluded—patients with AD or vascular dementia, Parkinson’s disease, 
and other neurodegenerative diseases. Twenty healthy elderly patients 
undergoing hemorrhoid surgery were collected in the inpatient 
department of anorectal surgery: ① There were no symptoms of gait 
disorder and cognitive impairment. ② Head MRI imaging showed no 
ventricular enlargement or other acute lesions. ③ No other systemic 
diseases in internal medicine.

2.2. Clinical evaluation

Gait assessment consisted of a 10-meter straight walk and a 
3 m-time up & go (TUG). 10 m straight walk test: The time and 
number of steps required for 10 m straight walk were measured 
according to the daily walking state or auxiliary state. After the lumbar 
puncture drainage test or shunt surgery, if one parameter improved by 
more than 20% or both of the two parameters improved by more than 
10%, it was considered positive. 3 m-TUG: The 3 m round trip test: 
The patient sits in an armchair with his back resting on the back of the 
chair and his hand resting on the arm of the chair. After walking to a 
line 3 m away, the patient turned and returned to the chair to sit down. 
The test ends when the patient’s hips touch the seat. Patients should 
be instructed to use a comfortable and safe walking pace during the 
procedure. Appropriate AIDS can be given. The time and number of 
steps required for the patient’s trial were recorded. Improvement of 
more than 10% in both parameters was positive.

In addition, we used the iNPH grading scale (iNPHGS) scale to 
establish a comprehensive functional evaluation, in which an increase 
of more than 3 points on the iNPHGS scale was a positive result. 
According to the gait score in iNPHGS scale: (1) 0, normal; 1 score, 
there is the chief complaint of vertigo and walking difficulty statement, 
but no objective gait disorder; (2) 2 points, unstable but can walk 
independently; (3) 3 points, can walk with the aid of any foreign 
objects; and (4) 4, unable to walk. The score above 0 was recorded as 
the gait disorder group, and 0 was recorded as the non-gait 
disorder group.

For the lumbar puncture drainage test, it is recommended to 
release 30–50 mL of CSF each time in a single lumbar puncture 
drainage test. When the CSF release is insufficient to meet the above 
standards, the final pressure of lumbar puncture 0 is the termination 

point. MMSE assessment was performed before and 24–48 h after 
infusion, and an increase of more than 3 points in MMSE score was 
positive. ICIQ-IF urinary incontinence assessment Scale can be based 
on the questionnaire form to ask patients and caregivers, according to 
the severity and frequency of the score.

Cerebrospinal fluid shunt surgery was performed on all patients 
with positive lumbar puncture drainage tests, and the positive patients 
were diagnosed as iNPH patients after postoperative evaluation. The 
patients were followed up for 1 year after surgery. The above contents 
were repeatedly evaluated, and the patients were further grouped 
according to whether the gait disorder improved after 1 year. The 
patients were defined as follows according to whether there was 
improvement in their gait disorder after 1 year: the patients with more 
than 10% improvement in time and gait parameters were classified as 
the improvement group in the 3 m-TUG, and the rest were the no 
improvement group. Figure  1 shows the flow of iNPH patient 
data collection.

2.3. Cerebrospinal fluid collection and 
treatment

After the relevant informed consent was signed, CSF samples were 
collected by lumbar puncture before shunt surgery, placed in a 15 ml 
polypropylene tube, and centrifuged at 4,000 rpm and 4°C for 10 min. 
If the supernatant was blood, the patient was excluded from the study. 
The supernatant of the centrifuged CSF was categorized into 1 mL of 
1.5-mL polypropylene tubes and stored at −80°C. Quantitative 
analyses of cerebrospinal fluid markers were performed by commercial 
laboratory partners and classified according to standardized cut-off 
values (MVZ Synlab Leverkusen, Leverkusen, Germany). 
Standardized sandwich ELISA methods were used to measure core 
biomarkers, namely INNOTEST®-Aβ42, INNOTEST®t-tau, and 
p-tau. Hypersensitive multifactor electrochemiluminescence (MSD) 
method to detect Neurofilament Light.

2.4. Magnetic resonance imaging 
acquisition and processing

All enrolled patients underwent routine head MRI scanning by 
MAGNETON Skyra3.0 T magnetic resonance scanner in the 
Radiology Department of Shanghai Huadong Hospital. These include 
high-resolution longitudinal relaxation-weighted images (T1WI), 
transverse relaxation-weighted images (T2WI), diffusion-weighted 
images (DWI), and Fluid attenuated inversion recovery (FLAIR). 
Scanning parameters: T1WI: repeat time/echo time (TR/
TE) = 220/2.46 ms, section thickness = 5 mm, spacing =1.0 mm, 
FOV = 23.00 cm; T2WI: TR/TE = 4000/92 ms, section thickness = 5 mm, 
FOV = 24.00 cm; flair: TR/TE = 7,000/85 ms, slice thickness = 5 mm, 
FOV = 23.00 cm; DWI: TR/TE = 1,300/62 ms, section thickness = 5 mm, 
FOV = 24.00 cm. In visual analysis, WMH was identified as a lesion 
with a spotty or diffuse area showing a high signal on T2W and FLAIR 
images. WMH was categorized into each lobe’s WMH, deep white 
matter hyperintensity (DWMH), and periventricular white matter 
hyperintensity (PVH). We  performed this by running the disease 
segmentation Tool 2.0.15 version based on SPM12 (Lesion 
Segmentation Tool, LST). During this procedure, lesions were seeded 
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according to spatial and intensity probabilities on T1 images and 
hypersignal outliers on T2FLAIR images. The initial threshold was set 
at 0.3 to create a conserved binary lesion map from which the growth 
algorithm (Schmidt et al., 2019) expanded these seeds to grow lesion 
probability maps (LPM) along high-signal T2FLastivoid growth. The 
LPM is then visually examined against T2FLAIR images to ensure 
accurate capture of WMH volum. Figure 2 shows the results of white 
matter segmentation of iNPH patients using LST toolbox. The WMH 
is the yellow region marked in the figure.

2.5. Method of statistics

SPSS 26.0 statistical software and GraphPad9.3 version were used 
to complete all data analysis and statistical charts. The Shapiro–Wilk 
test was used for the normality test because of the small sample size. 
The differences between the groups were compared. When the 
samples met the standard normal distribution, two independent 
sample t-tests were used. Two independent sample non-parametric 
tests (Mann–Whitney U test) were used when the samples did not 
meet the standard normal distributions. Three groups comparison 
were performed using one-way ANOVA with a Tukey’s multiple 
comparisons test. We  reported actual values of p from the 
ANOVA. Linear regression was used to examine the relationship 
between gait parameters and regional WMH and cerebrospinal fluid 
markers in iNPH patients. The mediation analysis was used for further 
verification, and the mediation effect model was built with regional 

WMH as the mediator variable, NfL as the independent variable, and 
gait parameter as the dependent variable to clarify whether the 
relationship between the independent variable and the dependent 
variable was affected by the intermediary variable. For the missing 
value problem, we first identify the predictor of the missing variable. 
Then the prediction equation is generated using the no-miss record, 
and the missing value is predicted. Values of p < 0.05 were considered 
statistically significant.

3. Results

3.1. Demographic variables and clinical 
assessment

We included 48 patients with iNPH and 20 normal older 
individuals. Men accounted for 58% of iNPH patients and 60% of 
normal older individuals. There was no significant difference in age 
(p = 0.23, Table  1), iNPH comorbidities of hypertension (p = 0.59, 
Table 1), and diabetes (p = 0.71, Table 1) between the two groups and 
the control group. There were statistical differences in cerebrospinal 
fluid markers Aβ42, t-tau, and p-tau between the two groups, and 
iNHP patients were lower than normal older individuals. There was 
also a statistical difference in NfL in CSF between the two groups, with 
higher levels of NfL in CSF in patients with iNHP. As for the WMH, 
there were statistical differences between the two groups in the volume 
of WMH in the frontal lobe, parietal lobe, temporal lobe, occipital 

FIGURE 1

Flow chart of iNPH patient inclusion, evaluation, and follow-up.
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lobe, basal ganglia region, periventricular and deep part of the brain 
(p < 0.05, Table 1), and iNPH patients were all higher than the normal 
older individuals.

3.2. Association of cerebrospinal fluid 
markers and regional WMH with iNPH gait 
disorder

A univariate linear regression model was used to evaluate the 
relationship among CSF markers, regional WMH volume, and gait 
parameters in patients with iNPH. Among cerebrospinal fluid 
markers, NfL level was linearly correlated with the time and number 
of steps in both the 3 m-TUG and the 10 m straight walk test (p < 0.05, 
Table 2). In the regional WMH, there was a linear correlation between 
frontal WMH volume, PVH, and the time and number of steps in the 
3 m-TUG test and the 10 m straight walking test (p < 0.05, Table 2). 
However, there was a linear correlation between the volume of WMH 
in the parietal lobe and the time and number of steps in the 3 m-TUG 

test (p < 0.05, Table 2). There was no linear correlation in the 10 m 
straight walking test (p > 0.05, Table 2).

3.3. Association between gait disorders and 
cerebrospinal fluid markers

The iNPH patients were categorized into a gait (+) impairment 
group and a non-impairment gait (−) group according to the iNPHGS 
scale gait score. There were no significant differences in age, 
hypertension, diabetes and MMSE scores between the gait (+) group 
and the gait (−) group (Table 3, p > 0.05). By comparison with normal 
older individuals, the level of NfL in CSF of iNPH patients was higher 
than that of normal older individuals (Figure 3A, p < 0.05), and the 
level of Aβ42, t-tau, and P-tau were lower than that of normal older 
individuals (Figures 3B–D, p < 0.05). Gait (+) and gait (−) have A 
higher NfL level in the former than in the latter, and no significant 
differences in Aβ42, t-tau, and P-tau levels between the two groups 
(p > 0.05).

FIGURE 2

The coronal and cross-sectional images showing the results of white matter segmentation of one iNPH patient using the LST toolbox, in which the 
WMH is the marked yellow area in the figure. iNPH, idiopathic normal pressure hydrocephalus; LST, Lesion Segmentation Tool; WMH, white matter 
hyperintensities.
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3.4. Association between gait disturbance 
and high regional WMH

When the differences in WMH volume between the three 
groups were compared, it was discovered that the WMH volume 
in all brain regions of iNPH patients was higher than that of 
normal older people (Figures 4A–F, p > 0.05). The gait (+) group 
in the WMH volume in the frontal–parietal lobe and PVH was 
higher than that in the gait (−) group (Figures 4A–C, p > 0.05). 
However, there was no significant difference in the WMH volume 

in the temporal lobe, basal ganglia, and deep (Figures  4D–F, 
p > 0.05).

3.5. Results of mediating effect among NfL, 
frontal and periventricular WMH and gait 
disorder in iNPH patients

The mediation effect model was constructed in the gait (+) 
group patients. We found that the 3 m-TUG time parameter was 

TABLE 1 Demographic data, preoperative symptoms, and protein concentrations.

Characteristic iNPH Control 95%CI T/Z value of p

Total number 48 20 – – –

Age, years, mean (range) 76.94 ± 6.49 73.95 ± 8.17 (−0.85, 7.07) 2.54 0.23a

Male, n (%) 28(58%) 12(60%) – 0.14 0.82b

t-tau 138.23 ± 6.78 150.66 ± 6.09 (−16.48, −9.19) 5.62 0.028a

p-tau 41.78 ± 5.84 54.77 ± 6.91 (−17.33, −7.56) 5.09 0.02a

Aβ42 188.42 ± 73.62 656.92 ± 56.98 (−487.37, −449.28) 4.74 0.033a

NfL 1610.32 ± 290.38 764.19 ± 201.55 (795.37, 897.02) 9.88 0.002a

Comorbidity, n (%) – – – –

Diabetes 23(48%) 9(45%) – 0.23 0.71b

Hypertension 15(31%) 7(35%) – 0.64 0.59b

Previous stroke (>3 months) 12(25%) – – – –

WMH location (mL) – – – – –

Frontal 21.98 ± 5.00 4.67 ± 2.89 (15.47, 19.07) 6.14 0.016a

Parietal 8.90 ± 2.06 1.62 ± 0.75 (6.50, 8.77) 13.42 0.000a

Temporal 3.10 ± 2.30 2.09 ± 1.78 (0.98, 1.39) 6.86 0.011a

Occipital 2.06 ± 0.42 0.92 ± 0.32 (0.92, 1.36) 10.37 0.001a

PVH 27.09 ± 7.83 6.78 ± 1.84 (17.89, 23.97) 13.74 0.000a

DWMH 1.41 ± 0.21 0.49 ± 0.29 (0.91, 1.31) 5.14 0.027a

iNPHGS 7.06 ± 2.21 – – – –

mRS 3.44 ± 0.87 – – – –

MMSE 22.67 ± 3.40 27.25 ± 1.36 (−6.13, −3.79) 9.60 0.000a

3 m-TUG 46.62 ± 26.43 – – –

10 m speed (m/s) 52.44 ± 27.97 – – –

Urinary 1.32 ± 1.24 – – –

aTwo-sample t-test; bnonparametric test (Mann–Whitney U test). p < 0.05 was considered significant. iNPH, idiopathic normal pressure hydrocephalus; NfL, neurofilament light chain; WMH, 
White matter hyperintensity; PVH, periventricular white matter hyperintensity; DWMH, deep white matter hyperintensities; iNPHGS, iNPH grading scale; TUG, time up & go; MMSE, 
MMSE, Mini-Mental State Examination.

TABLE 2 Linear regression model showed the influence of each CSF pathological marker and regional WMH on gait disorder.

Measure
3-TUG time 3-TUG steeps 10 m time 10 m steeps

T p 95%CI T p 95%CI T p 95%CI T p 95%CI

NfL 4.57 0.000 (0.03, 0.07) 4.37 0.000 (8.03, 20.90) 3.73 0.001 (0.03, 0.10) 3.44 0.001 (0.02, 0.09)

Aβ 0.92 0.36 (−0.25, 0.09) 1.37 0.18 (−0.80, 0.16) 0.71 0.48 (−0.60, 0.29) 0.45 0.65 (−0.46, 0.29)

Frontal lobe WMH 6.35 0.000 (0.84, 1.59) 6.225 0.000 (0.34, 0.66) 5.3 0.000 (2.49, 5.70) 3.99 0.000 (1.47, 4.47)

Parietal lobe WMH 3.34 0.002 (0.49, 1.89) 2.34 0.020 (0.11,1.30) 0.29 0.772 (−3.23, 4.38) 1.55 0.129 (−0.74, 5.65)

PVH 5.09 0.000 (0.42, 0.94) 4.74 0.000 (0.37, 0.91) 2.52 0.015 (0.47, 3.19) 6.77 0.000 (1.99, 3.73)

NfL, neurofilament light; WMH, white matter hyperintensities; TUG, time up & go.

https://doi.org/10.3389/fnagi.2023.1117675
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Yang et al. 10.3389/fnagi.2023.1117675

Frontiers in Aging Neuroscience 07 frontiersin.org

positively correlated with frontal WMH volume (Figure  5A, 
b = 0.57, p = 0.000) and periventricular WMH volume (Figure 5B, 
b  = 0.675, p  = 0.000), NfL was positively correlated with frontal 
WMH volume (Figure  5A, a  = 0.72, p  = 0.000) was positively 
correlated with periventricular WMH volume (Figure 5B, a = 0.85, 
p = 0.000). The regional WMH volume was used as the mediating 
variable, the NfL concentration as the independent variable, and the 
3 m-TUG time parameter as the dependent variable. Mediating 
effects showed that NfL may partially mediate the occurrence of gait 
disorders in iNPH patients through frontal and periventricular 
white matter lesions (Figures 5A,B, c′coefficient is still significant 

but less than c). There was still a statistical difference after adjusting 
for age (Figures 5C,D).

3.6. Association of high regional WMH with 
NfL and 1-year prognosis after shunt 
surgery

Through 1-year follow-up of the patients after the bypass 
surgery, it was found that 24 of the 35 patients in the gait (+) group 
improved, while 11 had no significant improvement. There were no 

TABLE 3 Differences in baseline data between the two subgroups gait (+) versus gait (−) and improvement versus no improvement.

Gait (+) 
(35)

Gait (−) 
(13)

95%CI T/Z
Value 
of p

Improvement 
(24)

No 
improvement 

(11)
95%CI T/Z

Value 
of p

Age 77.69 ± 4.43 74.92 ± 4.56 (−0.16, 5.68) 1.91 0.740a 77.79 ± 4.79 77.45 ± 3.74 (−2.99, 3.67) 0.21 0.310a

Diabetes 40% 31% – 0.10 0.924b 38% 45% – 0.53 0.660b

Hypertension 34% 36% – 0.41 0.690b 33% 36% – 0.23 0.863b

MMSE 22.46 ± 2.98 23.23 ± 2.49 (−2.65, 1.10) 0.83 0.671a 23.46 ± 2.72 20.27 ± 2.37 (−3.35, 1.34) 1.34 0.743a

aTwo-sample t-test; bnonparametric test (Mann–Whitney U test). p < 0.05 was considered significant.

A B

C D

FIGURE 3

Difference of CSF markers in normal elderly, gait (+) group and gait (−) group. (A) Nfl in CSF of the gait (+) group was higher than that of the gait (−) 
group and the normal olders group. (B–D) Aβ42, p-tau and t-tau in CSF of the gait (+) group were lower than those of the normal olders group. And 
there was no statistical difference between the gait (+) group and gait (−) group. ***p < 0.001, **p < 0.01, and *p < 0.05. NfL, neurofilament light.
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A

B

C

D

FIGURE 5

Mediation effect model. (A–B) Frontal WMH and PVH partially mediate the relationship between Nfl and gait disorder. (C–D) There was still a statistical 
difference after adjusting for age.

A B C

D E F

FIGURE 4

Differences in regional WMH among normal olders, gait (+) group and gait (−) group. (A,B,F) WMH in the frontal and parietal lobes, PVH of the gait (+) 
group were higher than those in the gait (−) group and the normal olders. (C–E) WMH in temporal and occipital lobes, DWMH were higher in the gait 
(+) group than the normal olders. And there was no statistical difference between the gait (+) group and gait (−) group. ***p < 0.001, **p < 0.01, and 
*p < 0.05. PVH, periventricular white matter hyperintensity; DWMH, deep white matter hyperintensities.
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significant differences in age, hypertension, diabetes and MMSE 
scores between the improvement group and the no improvement 
group (Table 3, p > 0.05). Comparing cerebrospinal fluid marker 
levels between the two groups showed that the level of cerebrospinal 
fluid NfL in the improvement group was lower than that in the no 
improvement group (Figure 6A, p < 0.0001, t = 6.09). The comparison 
results of WMH volume between the two groups showed that WMH 
volume and PVH in the frontal–parietal lobe of the improvement 
group were lower than those of the no improvement group 
(Figure  6B, p  = 0.0001, t  = 4.18; Figure  6C, p  = 0.0012, t  = 3.58; 
Figure 6D, p < 0.0001, t = 5.27).

4. Discussion

This study is the first to include iNPH lobular WMH volume to 
study the relationship between WMH body and gait disorder and 
further investigate the role of CSF markers in this. Our results showed 
that compared with normal older individuals, the volume of WMH in 
the frontoparietemporal lobe, basal ganglia region, periventricular and 
deep part of the brain in iNPH patients was higher than that in normal 
older individuals. In CSF markers, the levels of t-tau, p-tau, and Aβ42 
were lower than those in the control group, while the levels of NfL 
were higher than those in the control group. Our main results showed 

that WMH volume and PVH in the frontal–parietal lobe of patients 
with iNPH gait disorder were correlated with gait disorder. The more 
moderate the lesions were in the frontal–parietal lobe, and 
periventricular white matter, the more obvious the gait disorder was 
in iNPH patients. In iNPH patients, NfL level was associated with gait 
disorder concerning cerebrospinal fluid markers. The higher the level 
of NfL, the more significant the gait disorder in patients with iNPH. In 
a 1-year follow-up of iNPH patients after shunt surgery, we found that 
WMH volume and CSF NfL levels in the frontal–parietal and 
periventricular lobes were associated with postoperative improvement 
in gait disorder.

Nearly half of iNPH patients showed AD-related Aβ lesions on 
biopsy, and 10% showed both Aβ and tau pathology (Ingelsson 
et al., 2004; Leinonen et al., 2010). In A meta-analysis, Chen et al. 
(2017) evaluated cerebrospinal fluid Aβ42, t-tau, and p-tau in 
patients with iNPH by including 10 studies. The study included 413 
patients with iNPH, 186 patients with AD, and 147 healthy controls. 
Results showed that the Aβ42, t-tau, and p-tau levels were 
significantly reduced in patients with iNPH compared with the 
control group. This study’s results are consistent with our findings. 
Current explanatory theories for reduced CSF biomarker levels in 
iNPH include reduced periventricular metabolism (Momjian et al., 
2004; Jeppsson et al., 2013) and reduced flow of metabolites from 
tissue fluid to CSF, for example, through lymphatic system damage 

A B

C D

FIGURE 6

Differences in regional WMH and NfL between improvement group and no improvement group in iNPH with gait disorder 1 year after surgery. (A) The 
concentration of CSF Nfl in the improvement group was lower than no improvement group. (B–D) WMH in the frontal and parietal lobes, PVH of the 
improvement group were lower than no improvement group. All of the above have statistical differences.
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(Iliff et al., 2013; Graff-Radford, 2014; Eide and Ringstad, 2019) or 
dilution of fixed amounts of biomarkers (Jingami et  al., 2015; 
Vanninen et al., 2021). However, this is consistent with previous 
PET and MRI studies on iNPH. Another possible explanation is 
that retrograde CSF dynamics in patients with iNPH lead to 
decreased extracellular fluid flow to the heart and decreased 
extracellular fluid clearance, and decreased metabolism may also 
be secondary to changes in CSF dynamics (Jeppsson et al., 2013). 
The widespread degradation of APP-derived proteins in iNPH 
cannot be ruled out.

There are few studies on gait disorder and WMH in iNPH 
patients. Our results show that parietal WMH and periventricular 
WMH may be related to gait disorders in patients with iNPH. At 
present, there are studies through the use of diffusion tensor imaging 
detection of water molecules to reflect the direction of the white 
matter conduction beam and the detection of water molecules in the 
area of interest with anisotropy fraction Fractional anisotropy, FA 
value quantification, to study white matter lesions or different parts of 
the conduction beam compression degree. Koyama et  al. (2012) 
significantly increased the frontal FA value of corticospinal tract and 
corpus callosum radiation. Hattori et al. (2012) also obtained the same 
result in the conduction bundle specificity analysis of iNPH patients. 
Tang et al. (2021) showed that iNPH patients with more WMH had 
poorer gait performance, and fiber bundles were most significantly 
correlated with gait index. In patients with iNPH, the white matter FA 
value in the prefrontal area is decreased. The movement symptoms of 
iNPH may be related to glial cell proliferation and nerve fiber damage 
in this area because of the passage of some nerve fibers in the 
functional corticostriatal circuit (including the higher motor circuit; 
Lenfeldt et al., 2011).

Aoki et al. (2013) found and reached the following views: The 
cortical areas involved in the gait function of iNPH patients include 
the left frontal motor cortex of gait state, the auxiliary motor area of 
gait speed (SMA), the left dorsolateral prefrontal cortex (DLPFC) and 
the right prefrontal cortex, which may be caused by the shear force 
generated by the change of cerebrospinal fluid flow that destroys the 
sensory-motor in the brain. Previous studies have shown that gait 
disorder is related to structural changes in white matter and 
functional changes in interhemispheric, frontal, temporal, medial, 
and parietal connections (Khoo et al., 2016). Griffa et al. (2020) found 
that white matter features in the periventricular, frontal lobe and 
temporal brain circuits of iNPH patients differed from those in 
healthy older people by studying the structural connections in the 
brain iNPH patients. Studies have also indicated that the frontal–
parietal subcortical cerebellar circuit may be a vulnerable area for the 
pathophysiological mechanism of iNPH (Griffa et  al., 2020). In 
addition, gait disorders are also associated with dysfunction of 
gabaergic and cholinergic inhibitory circuits in the frontal motor 
cortex (Chistyakov et al., 2012; Nardone et al., 2019). The more severe 
the lesion of the white matter structure, the neurotransmitter 
transmission of the motor cortex circuit is blocked, thus affecting 
gait. Therefore, in our study, we propose that changes in the white 
matter structure of the frontal–parietal lobe and surrounding 
ventricles may induce the disrupted transmission of information 
related to abnormal gait.

NfL in CSF is a marker of myelin axonal degeneration and is 
elevated in neurodegenerative, neuroinflammatory, traumatic, 
and cerebrovascular diseases (Gaetani et al., 2019). There are few 

studies on WMH and NfL in patients with iNP. In a study of DTI 
assessment in normal older individuals, NfL levels in CSF were 
associated with white matter integrity and WMH but not amyloid 
pathology (Moore et al., 2018). Meeker et al. showed in their study 
on the relationship between NfL and aging that elevated NfL in 
cerebrospinal fluid was associated with greater total WMH 
volume (Meeker et al., 2022). NfL is an axon structural protein, 
and WMH reflects demyelination and axon loss, so it is not 
surprising that it is most closely related to WMH. In a large 
sample study, Braun et al. reported that NfL levels in CSF were 
associated with adverse outcomes in patients with iNPH, which 
may be  attributed to more damage to white matter structures 
(Malmberg et al., 2017).

Our results show that the level of NfL in CSF in patients with 
iNPH is higher than that in healthy older adults and is associated 
with gait disorders in patients. Mediated analysis showed that NfL 
might affect the gait of patients with iNPH through frontal–parietal 
and periventricular WMH. Previous studies have found that 
preoperative NfL level is correlated with the severity of clinical 
symptoms (Tullberg et al., 1998; Agren-Wilsson et al., 2007; Tullberg 
et al., 2008). In addition, in our longitudinal follow-up, patients with 
high NfL levels did not improve significantly 1 year after surgery. 
Our severe results showed that patients without improvement also 
had more serious white matter lesions in the frontal–parietal lobe 
and periventricular. Does this mean that patients with severe white 
matter lesions in these areas should not undergo shunt surgery in 
preoperative evaluation? In a recent paper, researchers give us a 
negative answer. The results showed that although PVH was 
associated with adverse outcomes after shunt surgery, there was no 
statistical difference in PVH between shunt responders and 
non-responders (Snöbohm et  al., 2022). The results were not 
consistent with our findings. However, this may be related to sample 
size, patient age, and cerebrovascular risk factors. In conclusion, NfL 
levels in CSF reflect white matter integrity, and the structural 
integrity of white matter fibers plays an essential role in transmitting 
information related to subcortical gait.

4.1. Limitations of the study

There are some limitations to our study. First, the sample size of 
this study is relatively small, which may lead to results bias. Further 
expansion of sample size or even multi-center verification is needed. 
There were no significant differences in age or cardiovascular risk 
factors between iNPH patients and controls. However, previous 
studies showed that WMH is associated with age and other 
cardiovascular factors such as hypertension and diabetes. Therefore, 
in addition to controlling for age accidents, cardiovascular and 
cerebrovascular risk factors should also be controlled to make the 
results more reliable. This is also a limitation of our research. In 
addition, in the follow-up analysis of this study, the numbers of the 
two groups with and without improvement were too small, which 
weakened the reliability of the research conclusions. Secondly, the 
study on the correlation between regional WMH volume, CSF 
markers, and gait disorders was cross-sectional. Therefore, our 
study lacked longitudinal analysis of imaging changes and 
cerebrospinal fluid changes before and after iNPH. Finally, our 
study did not calculate the volume of WMH in the subtentorial 
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areas, such as the cerebellum and brainstem, which may also 
be related to the gait disorder of iNPH patients. Our study may have 
ignored this part. These will be  the focus of our future 
research directions.

5. Conclusion

In summary, we associated regional WMH volume, NfL level in 
CSF, and gait disorder in patients with iNPH. The results showed that 
WMH in the frontal–parietal lobe and periventricular area of iNPH 
patients might be related to the occurrence of gait disorder. The NfL 
level of CSF was significantly higher in iNPH patients, which was also 
associated with gait disorder. The final mediating analysis shows that 
NfL may play a potential role in the occurrence of iNPH gait disorder 
through WMH. Therefore, this provides some references for exploring 
the pathogenesis of iNPH symptoms.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and 
approved by the Ethical Committee of Huadong Hospital of Fudan 
University. The patients/participants provided their written informed 
consent to participate in this study. Written informed consent was 
obtained from the individual(s) for the publication of any potentially 
identifiable images or data included in this article.

Author contributions

LY and FY designed the study. LY performed the research and 
wrote the initial draft of the manuscript. XF analyzed the data. YD, 
WW, and AY contributed to refining the ideas, carrying out additional 
analyses and finalizing this manuscript. All authors contributed to the 
article and approved the submitted version.

Funding

This work was supported by the Shanghai Municipal Key Clinical 
Specialty (grant number: shslczdzk02801), the Shanghai Municipal 
Health Commission (grant number: 2020YJZX0109), Shanghai Sailing 
Program (grant number: 21YF1411600), and the Scientific Research 
Foundation of Shanghai Municipal Commission of Health and Family 
Planning (201740003, 20184Y0098). The funder had no role in study 
design, data analysis, publication decision, or manuscript preparation.

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.

References
Agren-Wilsson, A., Lekman, A., Sjöberg, W., Rosengren, L., Blennow, K., Bergenheim, A. T., 

et al. (2007). CSF biomarkers in the evaluation of idiopathic normal pressure hydrocephalus. 
Acta Neurol. Scand. 116, 333–339. doi: 10.1111/j.1600-0404.2007.00890.x

Aoki, Y., Kazui, H., Tanaka, T., Ishii, R., Wada, T., Ikeda, S., et al. (2013). EEG and 
neuronal activity topography analysis can predict effectiveness of shunt operation in 
idiopathic normal pressure hydrocephalus patients. NeuroImage Clin. 3, 522–530. doi: 
10.1016/j.nicl.2013.10.009

Basser, P. J., and Jones, D. K. (2002). Diffusion-tensor MRI: Theory, experimental 
design and data analysis – a technical review. NMR Biomed. 15, 456–467. doi: 10.1002/
nbm.783

Bateman, G. A. (2008). The pathophysiology of idiopathic normal pressure 
hydrocephalus: Cerebral ischemia or altered venous hemodynamics? J. Neuroradiol. 29, 
198–203. doi: 10.3174/ajnr.A0739

Bridel, C., van Wieringen, W. N., Zetterberg, H., Tijms, B. M., Teunissen, C. E., the 
NFL Groupet al. (2019). Diagnostic value of cerebrospinal fluid neurofilament light 
protein in neurology: A systematic review and meta-analysis. JAMA Neurol. 76, 
1035–1048. doi: 10.1001/jamaneurol.2019.1534

Chen, Z., Liu, C., Zhang, J., Relkin, N., Xing, Y., and Li, Y. (2017). Cerebrospinal fluid 
Aβ42, t-tau, and p-tau levels in the differential diagnosis of idiopathic normal-pressure 
hydrocephalus: A systematic review and meta-analysis. Fluids Barriers CNS 14:13. doi: 
10.1186/s12987-017-0062-5

Chistyakov, A. V., Hafner, H., Sinai, A., Kaplan, B., and Zaaroor, M. (2012). Motor 
cortex disinhibition in normal-pressure hydrocephalus. J. Neurosurg. 116, 453–459. doi: 
10.3171/2011.9.JNS11678

de Leeuw, F. E., de Groot, J. C., Bots, M. L., Witteman, J. C., Oudkerk, M., Hofman, A., 
et al. (2000a). Carotid atherosclerosis and cerebral white matter lesions in a population 

based magnetic resonance imaging study. J. Neurol. 247, 291–296. doi: 10.1007/
s004150050586

de Leeuw, F. E., De Groot, J. C., Oudkerk, M., Witteman, J. C., Hofman, A., van Gijn, J., 
et al. (2000b). Aortic atherosclerosis at middle age predicts cerebral white matter lesions 
in the elderly. Stroke 31, 425–429. doi: 10.1161/01.str.31.2.425

Doubal, F. N., MacLullich, A. M. J., Ferguson, K. J., Dennis, M. S., and Wardlaw, J. M. 
(2010). Enlarged perivascular spaces on MRI are a feature of cerebral small vessel 
disease. Stroke 41, 450–454. doi: 10.1161/STROKEAHA.109.564914

Eide, P. K., and Ringstad, G. (2019). Delayed clearance of cerebrospinal fluid tracer 
from entorhinal cortex in idiopathic normal pressure hydrocephalus: A glymphatic 
magnetic resonance imaging study. J. Cereb. Blood Flow Metab. 39, 1355–1368. doi: 
10.1177/0271678X18760974

Fällmar, D., Andersson, O., Kilander, L., Löwenmark, M., Nyholm, D., and 
Virhammar, J. (2021). Imaging features associated with idiopathic normal pressure 
hydrocephalus have high specificity even when comparing with vascular dementia and 
atypical parkinsonism. Fluids Barriers CNS 18:35. doi: 10.1186/s12987-021- 
00270-3

Gaetani, L., Blennow, K., Calabresi, P., Di Filippo, M., Parnetti, L., and Zetterberg, H. 
(2019). Neurofilament light chain as a biomarker in neurological disorders. J. Neurol. 
Neurosurg. Psychiatry 90, 870–881. doi: 10.1136/jnnp-2018-320106

Gleason, P. L., Black, P. M., and Matsumae, M. (1993). The neurobiology of normal 
pressure hydrocephalus. Neurosurg. Clin. N. Am. 4, 667–675. doi: 10.1016/
S1042-3680(18)30558-8

Graff-Radford, N. R. (2014). Alzheimer CSF biomarkers may be  misleading in 
normal-pressure hydrocephalus. Neurology 83, 1573–1575. doi: 10.1212/
WNL.0000000000000916

https://doi.org/10.3389/fnagi.2023.1117675
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1111/j.1600-0404.2007.00890.x
https://doi.org/10.1016/j.nicl.2013.10.009
https://doi.org/10.1002/nbm.783
https://doi.org/10.1002/nbm.783
https://doi.org/10.3174/ajnr.A0739
https://doi.org/10.1001/jamaneurol.2019.1534
https://doi.org/10.1186/s12987-017-0062-5
https://doi.org/10.3171/2011.9.JNS11678
https://doi.org/10.1007/s004150050586
https://doi.org/10.1007/s004150050586
https://doi.org/10.1161/01.str.31.2.425
https://doi.org/10.1161/STROKEAHA.109.564914
https://doi.org/10.1177/0271678X18760974
https://doi.org/10.1186/s12987-021-00270-3
https://doi.org/10.1186/s12987-021-00270-3
https://doi.org/10.1136/jnnp-2018-320106
https://doi.org/10.1016/S1042-3680(18)30558-8
https://doi.org/10.1016/S1042-3680(18)30558-8
https://doi.org/10.1212/WNL.0000000000000916
https://doi.org/10.1212/WNL.0000000000000916


Yang et al. 10.3389/fnagi.2023.1117675

Frontiers in Aging Neuroscience 12 frontiersin.org

Griffa, A., Van De Ville, D., Herrmann, F. R., and Allali, G. (2020). Neural circuits of 
idiopathic Normal pressure hydrocephalus: A perspective review of brain connectivity 
and symptoms meta-analysis. Neurosci. Biobehav. Rev. 112, 452–471. doi: 10.1016/j.
neubiorev.2020.02.023

Hamilton, R., Patel, S., Lee, E. B., Jackson, E. M., Lopinto, J., Arnold, S. E., et al. (2010). 
Lack of shunt response in suspected idiopathic normal pressure hydrocephalus with 
Alzheimer disease pathology. Ann. Neurol. 68, 535–540. doi: 10.1002/ana.22015

Hannun, Y. A., and Obeid, L. M. (2018). Sphingolipids and their metabolism in 
physiology and disease. Nat. Rev. Mol. Cell Biol. 19, 175–191. doi: 10.1038/nrm.2017.107

Hattori, T., Ito, K., Aoki, S., Yuasa, T., Sato, R., Ishikawa, M., et al. (2012). White matter 
alteration in idiopathic normal pressure hydrocephalus: Tract-based spatial statistics 
study. AJNR Am. J. Neuroradiol. 33, 97–103. doi: 10.3174/ajnr.A2706

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al. 
(2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange in 
the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/JNEUROSCI.1592-13.2013

Ingelsson, M., Fukumoto, H., Newell, K. L., Growdon, J. H., Hedley-Whyte, E. T., 
Frosch, M. P., et al. (2004). Early Abeta accumulation and progressive synaptic loss, 
gliosis, and tangle formation in AD brain. Neurology 62, 925–931. doi: 10.1212/01.
wnl.0000115115.98960.37

Jeppsson, A., Wikkelsö, C., Blennow, K., Zetterberg, H., Constantinescu, R., 
Remes, A. M., et al. (2019). CSF biomarkers distinguish idiopathic normal pressure 
hydrocephalus from its mimics. J. Neurol. Neurosurg. Psychiatry 90, 1117–1123. doi: 
10.1136/jnnp-2019-320826

Jeppsson, A., Zetterberg, H., Blennow, K., and Wikkelsø, C. (2013). Idiopathic normal-
pressure hydrocephalus: Pathophysiology and diagnosis by CSF biomarkers. Neurology 
80, 1385–1392. doi: 10.1212/WNL.0b013e31828c2fda

Jingami, N., Asada-Utsugi, M., Uemura, K., Noto, R., Takahashi, M., Ozaki, A., et al. 
(2015). Idiopathic normal pressure hydrocephalus has a different cerebrospinal fluid 
biomarker profile from Alzheimer’s disease. J. Alzheimers Dis. 45, 109–115. doi: 10.3233/
JAD-142622

Khoo, H. M., Kishima, H., Tani, N., Oshino, S., Maruo, T., Hosomi, K., et al. (2016). 
Default mode network connectivity in patients with idiopathic normal pressure 
hydrocephalus. J. Neurosurg. 124, 350–358. doi: 10.3171/2015.1.JNS141633

Koyama, T., Marumoto, K., Domen, K., Ohmura, T., and Miyake, H. (2012). Diffusion 
tensor imaging of idiopathic normal pressure hydrocephalus: A voxel. Based fractional 
anisotropy study. Neurol. Med. Chir. 52, 68–74. doi: 10.2176/nmc.52.68

Krauss, J. K., Droste, D. W., Vach, W., Regel, J. P., Orszagh, M., Borremans, J. J., et al. 
(1996). Cerebrospinal fluid shunting in idiopathic normal-pressure hydrocephalus of 
the elderly: Effect of periventricular and deep white matter lesions. Neurosurgery 39, 
292–300. doi: 10.1097/00006123-199608000-00011

Kudo, T., Mima, T., Hashimoto, R., Nakao, K., Morihara, T., Tanimukai, H., et al. 
(2000). Tau protein is a potential biological marker for normal pressure hydrocephalus. 
Psychiatry Clin. Neurosci. 54, 199–202. doi: 10.1046/j.1440-1819.2000.00658.x

Leinonen, V., Koivisto, A. M., Savolainen, S., Rummukainen, J., Tamminen, J. N., 
Tillgren, T., et al. (2010). Amyloid and tau proteins in cortical brain biopsy and 
Alzheimer’s disease. Ann. Neurol. 68, 446–453. doi: 10.1002/ana.22100, PMID: 20976765

Leinonen, V., Menon, L. G., Carroll, R. S., Dello Iacono, D., Grevet, J., Jääskeläinen, J. E., 
et al. (2011). Cerebrospinal fluid biomarkers in idiopathic normal pressure 
hydrocephalus. Int. J. Alzheimers Dis. 2011:312526. doi: 10.4061/2011/312526

Lenfeldt, N., Larsson, A., Nyberg, L., Birgander, R., Eklund, A., and Malm, J. (2011). 
Diffusion tensor imaging reveals supplementary lesions to frontal white maUer in 
idiopathic normal pressure hydrocephalus. Neurosurgery 68, 1586–1593. doi: 10.1227/
NEU.0b013e31820f3401

Malmberg, F., Nordenskjöld, R., Strand, R., and Kullberg, J. (2017). SmartPaint: A tool 
for interactive segmentation of medical volume images. Comput. Methods Biomech. 
Biomed. Eng. Imaging Vis. 5, 36–44. doi: 10.1080/21681163.2014.960535

Mäntylä, R., Aronen, H. J., Salonen, O., Pohjasvaara, T., Korpelainen, M., Peltonen, T., 
et al. (1999). Magnetic resonance imaging white matter hyperintensities and mechanism 
of ischemic stroke. Stroke 30, 2053–2058. doi: 10.1161/01.str.30.10.2053

Meeker, K. L., Butt, O. H., Gordon, B. A., Fagan, A. M., Schindler, S. E., Morris, J. C., 
et al. (2022). Cerebrospinal fluid neurofilament light chain is a marker of aging and 
white matter damage. Neurobiol. Dis. 166:105662. doi: 10.1016/j.nbd.2022.105662

Momjian, S., Owler, B. K., Czosnyka, Z., Czosnyka, M., Pena, A., and Pickard, J. D. 
(2004). Pattern of white matter regional cerebral blood flow and autoregulation in 

normal pressure hydrocephalus. Brain J. Neurol. 127, 965–972. doi: 10.1093/brain/
awh131

Moore, E. E., Hohman, T. J., Badami, F. S., Pechman, K. R., Osborn, K. E., Acosta, L. M. 
Y., et al. (2018). Neurofilament relates to white matter microstructure in older adults. 
Neurobiol. Aging 70, 233–241. doi: 10.1016/j.neurobiolaging.2018.06.023

Morel, E., Armand, S., Assal, F., and Allali, G. (2019). Is frontal gait a myth in normal 
pressure hydrocephalus? J. Neurol. Sci. 402, 175–179. doi: 10.1016/j.jns.2019.05.029

Mori, E., Ishikawa, M., Kato, T., Kazui, H., Miyake, H., Miyajima, M., et al. (2012). 
Guidelines for management of idiopathic normal pressure hydrocephalus: Second 
edition. Neurol. Med. Chir. 52, 775–809. doi: 10.2176/nmc.52.775

Nakajima, M., Yamada, S., Miyajima, M., Ishii, K., Kuriyama, N., Kazui, H., et al. 
(2021). Guidelines for Management of Idiopathic Normal Pressure Hydrocephalus 
(third edition): Endorsed by the Japanese Society of Normal Pressure Hydrocephalus. 
Neurol. Med. Chir. 61, 63–97. doi: 10.2176/nmc.st.2020-0292

Nardone, R., Golaszewski, S., Schwenker, K., Brigo, F., Maccarrone, M., Versace, V., 
et al. (2019). Cholinergic transmission is impaired in patients with idiopathic normal-
pressure hydrocephalus: A TMS study. J. Neural Transm. 126, 1073–1080. doi: 10.1007/
s00702-019-02036-6

Pantoni, L., Basile, A. M., Pracucci, G., Asplund, K., Bogousslavsky, J., Chabriat, H., 
et al. (2005). Impact of age-related cerebral white matter changes on the transition to 
disability—the LADIS study: Rationale, design and methodology. Neuroepidemiology 
24, 51–62. doi: 10.1159/000081050

Román, G. C. (1987). Senile dementia of the Binswanger type. A vascular form of 
dementia in the elderly. JAMA 258, 1782–1788. doi: 10.1001/jama.1987.03400130 
096040

Schmidt, P., Pongratz, V., Küster, P., Meier, D., Wuerfel, J., Lukas, C., et al. (2019). 
Automated segmentation of changes in FLAIR-hyperintense white matter lesions in 
multiple sclerosis on serial magnetic resonance imaging. NeuroImage: Clinical 
23:101849. doi: 10.1016/j.nicl.2019.101849

Snöbohm, C., Malmberg, F., Freyhult, E., Kultima, K., Fällmar, D., and Virhammar, J. 
(2022). White matter changes should not exclude patients with idiopathic normal 
pressure hydrocephalus from shunt surgery. Fluids Barriers CNS 19:35. doi: 10.1186/
s12987-022-00338-8

Tang, Y. M., Yao, Y., Xu, S., Li, X., Hu, F., Wang, H., et al. (2021). White matter 
microstructural damage associated with gait abnormalities in idiopathic normal 
pressure hydrocephalus. Front. Aging Neurosci. 13:660621. doi: 10.3389/
fnagi.2021.660621

Torretta, E., Arosio, B., Barbacini, P., Capitanio, D., Rossi, P. D., Moriggi, M., et al. 
(2021). Novel insight in idiopathic normal pressure hydrocephalus (iNPH) biomarker 
discovery in CSF. Int. J. Mol. Sci. 22:8034. doi: 10.3390/ijms22158034

Tisell, M., Tullberg, M., Hellström, P., Edsbagge, M., Högfeldt, M., and Wikkelsö, C. 
(2011). Shunt surgery in patients with hydrocephalus and white matter changes. J. 
Neurosur. 114, 1432–1438.

Tullberg, M., Blennow, K., Månsson, J. E., Fredman, P., Tisell, M., and Wikkelsö, C. 
(2007). Ventricular cerebrospinal fluid neurofilament protein levels decrease in parallel 
with white matter pathology after shunt surgery in normal pressure hydrocephalus. Eur. 
J. Neurol. 14, 248–254. doi: 10.1111/j.1468-1331.2006.01553.x, PMID: 17355543

Tullberg, M., Blennow, K., Månsson, J.-E., Fredman, P., Tisell, M., and Wikkelsö, C. 
(2008). Cerebrospinal fluid markers before and after shunting in patients with secondary 
and idiopathic normal pressure hydrocephalus. Fluids Barriers CNS 5:9. doi: 
10.1186/1743-8454-5-9

Tullberg, M., Rosengren, L., Blomsterwall, E., Karlsson, J. E., and Wikkelsö, C. (1998). 
CSF neurofilament and glial fibrillary acidic protein in normal pressure hydrocephalus. 
Neurology 50, 1122–1127. doi: 10.1212/wnl.50.4.1122, PMID: 9566405

van Swieten, J. C., van den Hout, J. H., van Ketel, B. A., Hijdra, A., Wokke, J. H., and 
van Gijn, J. (1991). Periventricular lesions in the white matter on magnetic resonance 
imaging in the elderly. A morphometric correlation with arteriolosclerosis and dilated 
perivascular spaces. Brain 114, 761–774. doi: 10.1093/brain/114.2.761

Vanninen, A., Nakajima, M., Miyajima, M., Rauramaa, T., Kokki, M., Musialowicz, T., 
et al. (2021). Elevated CSF LRG and decreased Alzheimer’s disease biomarkers in 
idiopathic normal pressure hydrocephalus. J. Clin. Med. 10:1105. doi: 10.3390/
jcm10051105

Wang, Z., Zhang, Y., Hu, F., Ding, J., and Wang, X. (2020). Pathogenesis and 
pathophysiology of idiopathic normal pressure hydrocephalus. CNS Neurosci. Ther. 26, 
1230–1240. doi: 10.1111/cns.13526

https://doi.org/10.3389/fnagi.2023.1117675
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.neubiorev.2020.02.023
https://doi.org/10.1016/j.neubiorev.2020.02.023
https://doi.org/10.1002/ana.22015
https://doi.org/10.1038/nrm.2017.107
https://doi.org/10.3174/ajnr.A2706
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1212/01.wnl.0000115115.98960.37
https://doi.org/10.1212/01.wnl.0000115115.98960.37
https://doi.org/10.1136/jnnp-2019-320826
https://doi.org/10.1212/WNL.0b013e31828c2fda
https://doi.org/10.3233/JAD-142622
https://doi.org/10.3233/JAD-142622
https://doi.org/10.3171/2015.1.JNS141633
https://doi.org/10.2176/nmc.52.68
https://doi.org/10.1097/00006123-199608000-00011
https://doi.org/10.1046/j.1440-1819.2000.00658.x
https://doi.org/10.1002/ana.22100
https://doi.org/10.4061/2011/312526
https://doi.org/10.1227/NEU.0b013e31820f3401
https://doi.org/10.1227/NEU.0b013e31820f3401
https://doi.org/10.1080/21681163.2014.960535
https://doi.org/10.1161/01.str.30.10.2053
https://doi.org/10.1016/j.nbd.2022.105662
https://doi.org/10.1093/brain/awh131
https://doi.org/10.1093/brain/awh131
https://doi.org/10.1016/j.neurobiolaging.2018.06.023
https://doi.org/10.1016/j.jns.2019.05.029
https://doi.org/10.2176/nmc.52.775
https://doi.org/10.2176/nmc.st.2020-0292
https://doi.org/10.1007/s00702-019-02036-6
https://doi.org/10.1007/s00702-019-02036-6
https://doi.org/10.1159/000081050
https://doi.org/10.1001/jama.1987.03400130096040
https://doi.org/10.1001/jama.1987.03400130096040
https://doi.org/10.1016/j.nicl.2019.101849
https://doi.org/10.1186/s12987-022-00338-8
https://doi.org/10.1186/s12987-022-00338-8
https://doi.org/10.3389/fnagi.2021.660621
https://doi.org/10.3389/fnagi.2021.660621
https://doi.org/10.3390/ijms22158034
https://doi.org/10.1111/j.1468-1331.2006.01553.x
https://doi.org/10.1186/1743-8454-5-9
https://doi.org/10.1212/wnl.50.4.1122
https://doi.org/10.1093/brain/114.2.761
https://doi.org/10.3390/jcm10051105
https://doi.org/10.3390/jcm10051105
https://doi.org/10.1111/cns.13526

	White matter hyperintensity mediating gait disorders in iNPH patients via neurofilament light chain
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Clinical evaluation
	2.3. Cerebrospinal fluid collection and treatment
	2.4. Magnetic resonance imaging acquisition and processing
	2.5. Method of statistics

	3. Results
	3.1. Demographic variables and clinical assessment
	3.2. Association of cerebrospinal fluid markers and regional WMH with iNPH gait disorder
	3.3. Association between gait disorders and cerebrospinal fluid markers
	3.4. Association between gait disturbance and high regional WMH
	3.5. Results of mediating effect among NfL, frontal and periventricular WMH and gait disorder in iNPH patients
	3.6. Association of high regional WMH with NfL and 1-year prognosis after shunt surgery

	4. Discussion
	4.1. Limitations of the study

	5. Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

