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Abstract 

Background  Idiopathic normal pressure hydrocephalus (iNPH) is a progressive and partially reversible form of 
dementia, characterized by impaired interactions between multiple brain regions. Because of the presence of comor-
bidities and a lack of accurate diagnostic and prognostic biomarkers, only a minority of patients receives disease-spe-
cific treatment. Recently, resting-state functional-magnetic resonance imaging (rs-fMRI) has demonstrated functional 
connectivity alterations in inter-hemispheric, frontal, occipital, default-mode (DMN) and motor network (MN) circuits. 
Herein, we report our experience in a cohort of iNPH patients that underwent cerebrospinal fluid (CSF) dynamics 
evaluation and rs-fMRI. The study aimed to identify functional circuits related to iNPH and explore the relationship 
between DMN and MN recordings and clinical modifications before and after infusion and tap test, trying to under-
stand iNPH pathophysiology and to predict the best responders to ventriculoperitoneal shunt (VPS) implant.

Methods  We prospectively collected data regarding clinical assessment, neuroradiological findings, lumbar infusion 
and tap test of thirty-two iNPH patients who underwent VPS implant. Rs-fMRI was performed using MELODIC-ICA 
both before and after the tap test. Rs-fMRI data of thirty healthy subjects were also recorded.

Results  At the baseline, reduced z-DMN and z-MN scores were recorded in the iNPH cohort compared with con-
trols. Higher z-scores were recorded in more impaired patients. Both z-scores significantly improved after the tap test 
except in subjects with a low resistance to outflow value and without a significant clinical improvement after the test. 
A statistically significant difference in mean MN connectivity scores for tap test responders and non-responders was 
demonstrated both before (p = 0.0236) and after the test (p = 0.00137). A statistically significant main effect of the tap 
test on DMN connectivity after CSF subtraction was recorded (p = 0.038).

Conclusions  Our results suggest the presence of a partially reversible plasticity functional mechanism in DMN and 
MN. Low values compensate for the initial stages of the disease, while higher values of z-DMN were recorded in older 
patients with a longer duration of symptoms, suggesting an exhausted plasticity compensation. The standardization 
of this technique could play a role as a non-invasive biomarker in iNPH disease, suggesting the right time for surgery.

Trial Registration Prot. IRB 090/2021.

*Correspondence:
Francesco Tuniz
tuniz.francesco@gmail.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12987-023-00407-6&domain=pdf


Page 2 of 13Fabbro et al. Fluids and Barriers of the CNS            (2023) 20:7 

Keywords  CSF dynamics, Default-mode network, Motor network, Idiopathic normal pressure hydrocephalus, Tap 
test, Resting-state functional-MRI, Ventriculoperitoneal shunt

Background
Idiopathic normal pressure hydrocephalus (iNPH) is a 
primitive, progressive and partially reversible form of 
dementia, characterized by a damage in the interaction 
between multiple brain regions [1]. The treatment relies 
on lumbar or ventriculoperitoneal shunts (VPS) implan-
tation [1–8]. Clinical improvement after surgery varies 
from 33 to 84%, depending on the outcome assessment 
procedure [2], the time of assessment and the selection 
criteria for VPS implant [3–8]. Early treatment improves 
the outcome and suggests the importance of early and 
reliable diagnostic makers [9].

The international literature highlights the role of neu-
roradiological parameters and invasive procedures [10]. 
Beside the signs of ventriculomegaly, the responses to 
invasive procedures, such as cerebrospinal fluid (CSF) 
infusion and tap test, could represent sensitive prognos-
tic markers for iNPH patients [11–15]. However, their 
low specificity induces a poor accuracy in predicting 
surgery response [11–15]. Moreover, because of the lack 
of accurate diagnostic and prognostic quantitative bio-
markers, frequent presence of comorbidities, and limited 
understanding of the pathophysiology of the disorder 
[16–18], only 8% of iNPH patients receives a disease-spe-
cific treatment [11].

In recent years, the registration of blood oxygenation 
level-dependent (BOLD) signal fluctuations at rest in 
different areas of the brain has been used in the study of 
neurodegenerative disease [19–22]. Because it could be 
considered as a non-invasive technique, that measures 
the basal neuronal activity and the interdependence of 
different cerebral circuits, and patients are not required 
to perform demanding cognitive tasks [21], resting-state 
functional-magnetic resonance imaging (rs-fMRI) has 
been used in cases of dementia and cognitive impairment 
[19–22]. In iNPH subjects, functional connectivity altera-
tions have been demonstrated in inter-hemispheric, fron-
tal, occipital, default-mode network (DMN) and motor 
network (MN) circuits, although the findings have poor 
consistency [20–22].

Herein, we report our results in a cohort of thirty-two 
iNPH patients who underwent infusion and tap tests and 
rs-fMRI, focusing on the possible complementary role 
of these techniques in predicting the response to VPS 
implant and suggesting the right time for surgery. In 
particular, we would like to identify functional circuits 
related to iNPH and explore the relationship between 
DMN and MN recordings from Multivariate Exploratory 

Linear Optimized Decomposition into Independent 
Components Analysis (MELODIC-ICA) and clinical 
modifications before and after infusion and tap test, aim-
ing to improve the knowledge about iNPH pathophysiol-
ogy and to predict the best responders to VPS implant.

Methods
From January 2018 to December 2020, clinical assess-
ment, neuroradiological findings, lumbar infusion and 
tap test results of thirty-two patients with possible and 
probable iNPH [10] were prospectively reviewed. The 
radiological data of thirty healthy controls were also col-
lected. All procedures contributing to this work complied 
with the ethical standards of the relevant national and 
institutional committees on human experimentation and 
with the declaration of Helsinki. The local ethics com-
mittee approved the study (RIF. Prot IRB: 090/2021), and 
informed consent was obtained from each subject.

Clinical assessment
Basic demographic data on age and sex were recorded 
at the point of referral. iNPH patients underwent clini-
cal and neuroradiological evaluations on three consecu-
tive days. On the first and third days, they underwent 
neurological assessment and magnetic resonance imag-
ing (MRI) acquisition, while CSF dynamics evaluation 
and tap test were performed on the second day. Our 
neurological protocol included the Movement Disorder 
Society unified Parkinson’s disease rating scale (MDS-
UPDRS), time up and go (TUG), cognitive-time up and 
go (TUG-C), 10-m walking test (10MWT), Tinetti’s scale, 
frontal assessment battery (FAB) and iNPH grading scale 
(iNPH-GS) [10]. The same neurologist evaluated the 
patients both before and after the test to eliminate the 
inter-observer discrepancy. Moreover, to reduce any pos-
sible bias, the neurologist did not know the results of the 
infusion test. We considered significant an amelioration 
of at least of 10% in TUG, TUG-C or 10MWT after CSF 
drainage [10]. Because a positive response to the tap test 
was characterized by a significant amelioration in all the 
movement scales we used (TUG, TUG-C and 10MWT), 
in the paper we refer to TUG alone.

Six months after shunt implantation, we evaluated the 
clinical response to surgery, using the same scales we 
considered for the tap test.

Moreover, we considered the age of onset of the dis-
ease, the duration of symptoms and the presence of 
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comorbidities, referring to the modified-frailty index-11 
(mFI-11) [23, 24].

Infusion and tap tests
The study of CSF dynamics was performed in all iNPH 
patients. With the subject placed in the lateral recum-
bent position, a Tuohy spinal needle was connected to 
a Möller Medical LiquoGuard 7 (Fulda, Germany) pres-
sure monitor and fluid infusion system. After baseline 
CSF pressure was measured, saline solution was infused 
at a constant rate of 1.5  mL/min until a stable pressure 
plateau was reached. The resistance to outflow (Rout) was 
calculated [10]. We considered a value of 12 mmHg/mL/
min to distinguish a positive test from a negative one 
[10]. After the infusion test was completed, CSF was 
drained until the pressure reached a value of 0 mmHg.

Neuroradiological investigation
All patients underwent pre- and post-test MRIs, while 
a single neuroradiological investigation was performed 
in healthy subjects. The studies were conducted using 
a Philips Achieva 3  T (Best, Netherlands) whole-body 
scanner using a SENSE-Head eight-channel head coil 
and a custom-built head restrainer to minimize head 
movements. The neuroradiological protocol included 
volumetric inversion recovery (IR) T1-weighted, sagittal 
turbo spin echo (TSE) T2-weighted, axial echo-planar 
imaging (EPI) diffusion-weighted, volumetric fluid-atten-
uated inversion recovery (FLAIR), rs-fMRI and BOLD 
EPI single shot images, with the following parameters: 
TR/TE = 2500/35  ms, flip angle = 90°, 32 axial slices 
interleaved ascending order, slice thickness = 3  mm, 
FOV = 240  mm, acquisition matrix = 128 × 128, 200 
dynamics were collected, total duration was  8.32  min. 
On these sequences, Evans’ index (EI), callosal angle (CA) 
and disproportionately enlarged subarachnoid-space 
hydrocephalus (DESH) features were recorded [10].

f‑MRI data processing and analysis
During rs-fMRI acquisition, subjects were asked to 
relax, lie down at rest, closing their eyes, and trying not 
to think about anything; the lights in the scanner were 
dimmed to promote relaxation. Analysis was performed 
with Statistical Parametric Mapping-12 (SPM-12) and 
ICA as implemented in the MELODIC part of the FMRIB 
Software Library (FSL) (www.​fmrib.​ox.​ac.​uk/​fsl) and 
CONN-fMRI FC toolbox (version 17e) [25]. All preproc-
essing steps were performed in FSL suite. They included 
motion correction using MCFLIRT, slice-timing correc-
tion, removal of non-brain structures, spatial smoothing 
with a Gaussian kernel of full width at half maximum 
of 5 mm, and high-pass temporal filtering equivalent to 

100 s (0.01 Hz) [20]. Functional images were recorded on 
the skull-stripped structural images and on standard MRI 
brain. A single 4D dataset was created by temporal con-
catenation of the pre-processed functional images. The 
original dataset was decomposed using ICA to identify 
large-scale patterns of functional connectivity, allowing 
MELODIC tool to use ICA model. The ICA analysis was 
performed at single subject level using variance-normal-
ize time courses option and a set of 80 components [26]. 
The ICA components was manually classified in order to 
remove noise due to physiological sources, movement 
and artifacts [27]. By an evaluating the spatial map, the 
time course and the power spectrum we performed the 
classification of noise components, which were manually 
labelled as “bad” and regressed out of the dataset [27]. A 
group ICA has been run on the single subject clean pre-
processed 4D rs-data, all maps were thresholded using a 
mixture modeling, p = 0.5 [27]. To reduce the bias in net-
works identification, the components that most closely 
matched the DMN and the MN were selected using an 
automated two-step process called the “goodness-of-
fit” approach. The standard DMN and MN templates 
were downloaded from the FMRIB website. The dual-
regression approach was used to identify the difference 
in DMN and MN networks between groups [26]. The 
z-value identified the intensity of the signal of the spa-
tial map network [25, 26, 28]. Because a large majority 
of papers refers to DMN modifications in iNPH patients 
[20–22], but the findings have poor consistency, we 
decided to study this network. Moreover, because iNPH 
can be considered also as a movement disorder [10], we 
investigated the MN.

Cohort stratification
Based on post-tap test clinical modifications and Rout 
values, patients were divided into four groups. Subjects 
with Rout values > 12  mmHg/mL/min were considered 
in Group 1, if a positive tap test result was recorded, or 
Group 2, if it was not. Subjects with low Rout values were 
classified on the clinical modification after the tap test 
in Group 3 (statistically significant clinical amelioration) 
and Group 4 (no clinical improvement).

Statistical analysis
The population was described using means or medi-
ans ± standard deviations and ranges for continuous 
variables and percentages for categorical variables. Data 
were tested for the normal distribution using the Shap-
iro–Wilk test and homogeneity of variance was assessed 
using Levene’s test. A Student’s t or Mann–Whitney U 
tests were used to compare continuous variables between 
groups, as appropriate. Differences between groups 
were determined using one-way and two-way analysis of 

http://www.fmrib.ox.ac.uk/fsl
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variance (ANOVA,) followed by a Tukey’s honest signifi-
cant difference (HSD) or Bonferroni-corrected post-hoc 
test when appropriate. All analyses were conducted using 
RStudio version 2022.7.0.548 (Boston, USA—http://​
www.​rstud​io.​com). Relative statistical significance was 
set at p < 0.05.

Results
Thirty-two patients were included. Table  1 summa-
rizes their characteristics. The population was com-
posed of 11 men (34.4%) and 21 women (65.6%), with a 
mean age of 73.9 ± 6.7 years-old (range 53–86). Eighteen 
women (60%) and twelve men (40%), with a mean age 
of 74.3 ± 7.2  years-old (range 56–86), were enrolled as 
healthy controls.

Cohort stratification
On the bases of CSF dynamics and tap test results, 
patients were classified into four groups. In particular, 
eight subjects presented high Rout values and a positive 
response to the tap test (Group 1), while ten patients 

with positive CSF dynamics findings did not demonstrate 
clinical improvement after CSF subtraction (Group 2). Of 
those subjects with low Rout values, six were considered 
in Group 3 because of a good clinical response to the tap 
test, while eight patients did not improve in their present-
ing symptoms after CSF subtraction (Group 4). Figure 1 
and Table 2 report the characteristics of each subgroup.

Clinical evaluation
In the large majority of cases, patients referred gait 
impairment (31/32), while memory disorders and uri-
nary incontinence were less frequent (20 and 25 subjects, 
respectively). The triad was complete in fourteen cases. 
Only two patients complained of gait imbalance as the 
sole clinical manifestation. No patient lamented urinary 
incontinence or memory disorders alone.

The results of neurological evaluation both before and 
after the test are reported in Tables  1 and 2. After the 
tap test, 14 patients demonstrated a significant ameliora-
tion in walking-tests (eight in Group 1 and six in Group 
3), while 18 subjects did not improve in their presenting 

Table 1  Population characteristics

CA, callosal angle; DESH, disproportionately enlarged subarachnoid-space hydrocephalus; DMN, default-mode network; EI, Evans’ index; MN, motor network; Rout, 
resistance to outflow; TUG, time up and go; VPS, ventriculoperitoneal shunt

Parameter Value

No. of patients 32

Sex

Female 21 (65.6%)

Male 11 (34.4%)

Age at the referral 73.9 ± 6.7 years-old (range 53–86)

Neuroradiological parameters

EI 0.38 ± 0.04 (range 0.30–0.47)

CA 96.3° ± 19.4° (range 63°-130°)

DESH 19 (59.4%)

Infusion test

Rout 11.52 ± 2.45 mmHg/mL/min (range 6.00–16.00)

TUG​

Pre-test value 18.34 ± 13.37 (range 10–65)

Post-test value 16.67 ± 12.14 (range 9–65)

Improvement (%) 7.89 ± 13.56 (range -25.71–34.78)

MN

Pre-test value 11.44 ± 2.53 (range 7.37–17.01)

Post-test value 13.38 ± 2.95 (range 8.06–18.95)

Improvement (%) 19.92 ± 27.24 (range -25.67–91.06)

DMN

Pre-test value 13.63 ± 3.74 (range 6.77–26.31)

Post-test value 16.46 ± 4.01 (range 7.54–30.81)

Improvement (%) 25.93 ± 34.40 (range −31.02–139.44)

VPS implantation 32/32 (100%)

Clinical Improvement post-VPS 26/32 (81%)

http://www.rstudio.com
http://www.rstudio.com
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symptoms (ten in Group 2 and eight in Group 4). More-
over, two subjects in Group 2 and four in Group 4 pre-
sented a clinical worsening after the test.

Patients of Group 4 presented with the longest symp-
toms duration and the major number of comorbidities 
(Table 2). In particular, hypertension was recorded in all 
these subjects, while only two patients of this group did 
not present diabetes mellitus.

All patients underwent VPS implant. Six months after 
surgery, all subjects of Groups 1, 2 and 3 reported either 
improvement or halted progression in their presenting 
symptoms, with a statistically significant amelioration 
in neurological objective scales. Except for two cases, 
Group 4 did not demonstrate any clinical improvement 
after surgery. These two patients presented with the low-
est DMN and MN pre-test scores and a significant ame-
lioration in z-values was demonstrated after the tap test.

CSF dynamics results
During the procedure, no complication was recorded. 
The mean Rout was 11.52 ± 2.45  mmHg/mL/min 
(range 6.00–16.00). High values of Rout defined 
Group 1 (13.20 ± 1.00  mmHg/mL/min) and Group 2 

(13.39 ± 1.29  mmHg/mL/min), while low values were 
registered in Group 3 (9.56 ± 1.79  mmHg/mL/min) and 
Group 4 (8.98 ± 1.43 mmHg/mL/min).

Neuroradiological findings
All patients had ventriculomegaly. Axial MRI demon-
strated symmetrical dilatation of both lateral ventricles, 
with a mean EI of 0.38 ± 0.04 (range 0.30–0.47). The 
major ventricular dilatation was recorded in Group 1. 
On the coronal scans, the CA of the entire cohort ranged 
from 63° to 130° (mean 96.3° ± 19.4°), while in Group 3 
the mean value was 100.7° ± 19.4°. DESH findings were 
recorded in 19 patients (five in Group 1, eight in Group 2, 
four in Group 3 and two in Group 4). Probably due to the 
low numerosity, we did not identify any significant differ-
ence between groups before the test. Moreover, no sig-
nificant modification of these indexes was recorded after 
the tap test itself.

rs‑fMRI results
In iNPH patients, functional connectivity values were 
recorded both before and after the tap test. At the 

Fig. 1  Cohort stratification. On the bases of CSF dynamics and tap test results, patients were classified in four groups. Eight subjects presented high 
Rout values and a positive response to the tap test (Group 1), while ten patients with positive CSF dynamics findings did not demonstrate clinical 
improvement after CSF subtraction (Group 2). Of those subjects with low Rout values, six were considered in Group 3 because of a good clinical 
response to the tap test, while eight patients did not improve in their presenting symptoms after CSF subtraction (Group 4). DMN: default-mode 
network; MN: motor network; Rout: resistance to outflow; *p value < 0.05



Page 6 of 13Fabbro et al. Fluids and Barriers of the CNS            (2023) 20:7 

referral, the signal of the DMN and MN were signifi-
cantly reduced compared to healthy subjects of similar 
demographic characteristics. After the test, we evi-
denced a statistically significant amelioration in the 
z-score of both parameters (p = 0.002 and p = 0.003, 
respectively), but the DMN and MN signals were sig-
nificantly lower than those of the healthy population 

(Fig.  2). In healthy controls, the z-DMN and z-MN 
were 18.99 ± 1.67 and 16.45 ± 2.89, respectively.

We observed higher z-DMN and z-MN scores in 
patients with major clinical compromise and longer clini-
cal history. A two-way ANOVA was conducted to exam-
ine the effects of the tap test and TUG score on DMN 
and MN connectivity. Residual analysis was performed 

Table 2  Cohort stratification

CA, callosal angle; DESH, disproportionately enlarged subarachnoid-space hydrocephalus; DMN, default-mode network; EI, Evans’ index; mFI-11, modified-frailty 
index-11; MN, motor network; Rout, resistance to outflow; TUG, time up and go; VPS, ventriculoperitoneal shunt. No statistical significant difference between 
neuroradiological parameters before and after the test was recorded. For this reason, in this table, we report only basal values

Group 1 (+/+) Group 2 (+/−) Group 3 (−/ +) Group 4 (−/−)

No. of patients 8/32 (25%) 10/32 (31.25%) 6/32 (18.75%) 8/32 (25%)

Sex

Female 4 (50%) 9 (90%) 4 (66.7%) 4 (50%)

Male 4 (50%) 1 (10%) 2 (33.3%) 4 (50%)

Mean age 73.6 ± 9.3 (range 53–85) 71.2 ± 5.7 (range 56–77) 74.5 ± 3.0 (range 71–79) 77.0 ± 5.3 (range 67–86)

Symptoms duration 
(months)

18.3 ± 2.7 (range 12–24) 21.6 ± 7.3 (range 12–30) 23.2 ± 6.8 (range 12–30) 37.8 ± 5.4 (range 30–48)

mFI-11 4.7 ± 1.1 (range 1–6) 5.2 ± 1.7 (range 0–7) 5.3 ± 2.9 (range 2–8) 7.8 ± 2.1 (range 4–10)

Neuroradiological parameters

EI 0.39 ± 0.03 (range 0.33–0.45) 0.38 ± 0.05 (range 
0.32–0.47)

0.36 ± 0.04 (range 0.30–0.43) 0.37 ± 0.04 (range 0.31–0.41)

CA 94.3° ± 24.1° (range 
63°–130°)

95.0° ± 19.4° (range 
65°–129°)

100.7° ± 19.4° (range 
79°–130°)

96.9° ± 12.6° (range 79°–103°)

DESH 5 (62.5%) 8 (80%) 4 (66.7%) 2 (25%)

Infusion test

Rout 13.20 ± 1.00 (range 
12.00–15.00)

13.39 ± 1.29 (range 
12.00–16.00)

9.56 ± 1.79 (range 
6.00–11.33)

8.98 ± 1.43 (range 6.67–11.33)

TUG​

Pre-test value 22.56 ± 15.39 (range 
13.0–61.0)

18.15 ± 15.75 (range 
10.5–65.0)

17.33 ± 12.90 (range 
10.0–46.0)

15.13 ± 3.77 (range 10.5–22.0)

Post-test value 18.81 ± 13.73 (range 
9.5–54.0)

17.90 ± 15.87 (range 
10.0–65.0)

12.67 ± 7.76 (range 9.0–30.0) 15.94 ± 4.68 (range 10.5–23.0)

Improvement (%) 17.47 ± 5.89 (range 
10.71–26.20)

1.73 ± 6.97 (range 
−11.76–9.09)

22.21 ± 8.87 (range 
10.00–34.78)

−4.73 ± 11.35 (range 
−25.71–8.33)

MN

Pre-test value 12.24 ± 2.92 (range 
7.94–17.01)

9.96 ± 1.65 (range 
7.37–13.33)

13.04 ± 2.27 (range 
8.66–16.09)

11.92 ± 2.10 (range 
7.45–13.96)

Post-test value 15.38 ± 1.87 (range 
12.18–18.95)

12.97 ± 2.96 (range 
8.06–17.38)

14.95 ± 2.40 (range 
10.38–17.54)

10.73 ± 1.70 (range 
8.06–13.56)

Improvement (%) 30.73 ± 26.46 (range 
7.81–91.06)

30.16 ± 21.14 (range 
2.94–66.63)

15.28 ± 9.21 (range 
4.40–31.99)

−0.20 ± 31.25 (range 
−25.65–59.19)

DMN

Pre-test value 12.98 ± 3.97 (range 
6.77–18.33)

14.24 ± 4.42 (range 
9.78–26.31)

12.57 ± 2.29 (range 
10.04–16.06)

14.30 ± 3.09 (range 
10.40–18.56)

Post-test value 17.05 ± 2.67 (range 
12.56–21.59)

18.31 ± 4.74 (range 
14.02–30.81)

16.60 ± 1.59 (range 
14.47–19.00)

13.44 ± 3.67 (range 
7.54–18.59)

Improvement (%) 41.06 ± 39.92 (range 
7.26–139.44)

32.56 ± 26.71 (range 
2.57–86.07)

34.12 ± 11.34 (range 
18.31–44.47)

−3.63 ± 30.71 (range 
-31.02–49.29)

Surgery

VPS implantation 8/8 (100%) 10/10 (100%) 6/6 (100%) 8/8 (100%)

Clinical Improvement 8/8 (100%) 10/10 (100%) 6/6 (100%) 2/8 (25%)
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to test for the assumptions of the two-way ANOVA. 
Normality was assessed using Shapiro–Wilk’s normality 
test and homogeneity of variances was assessed by Lev-
ene’s test. Residuals were normally distributed (p > 0.05) 
and there was homogeneity of variances (p > 0.05). There 
was a statistically significant main effect of TUG score 
on MN connectivity score both before (F(1, 28) = 5.736, 
p = 0.024) and after the tap test (F(1, 28) = 12.959, 
p = 0.001). Consequently, an analysis of simple main 
effects for TUG score was performed. There was a sta-
tistically significant difference in mean MN connectivity 
scores for tap test responders (n = 14) and tap test non-
responders (n = 18) groups both before (p = 0.0236) and 
after the test (p = 0.00137). There was found also a statis-
tically significant main effect of the tap test on DMN con-
nectivity score after tap test (F(1, 28) = 4.732, p = 0.038).

Analyzing the subgroups, higher values of DMN base-
line signal were reported in Groups 2 and 4, in those 
patients who did not respond to the tap test. Higher 
baseline values of MN signal were recorded in Groups 
1 and 3, in those patients who demonstrated a clini-
cal improvement after the test. A higher percentage of 
z-DMN and z-MN score amelioration was reported in 
patients with higher values of Rout (Groups 1 and 2). After 
CSF removal, an amelioration in z-DMN and z-MN score 
was recorded in all patients, except those who did not 

improve after VPS implantation in Group 4 (Figs.  3, 4). 
These differences were statistically significant (p = 0.005 
for DMN and p = 0.004 for MN, respectively). There was 
a significant difference between groups in MN connectiv-
ity score after the test as determined by one-way ANOVA 
(F(3, 28) = 5.616, p = 0.004). A Tukey post-hoc test 
revealed that the MN score after the test was statistically 
significant higher for patients in Group 1 (p = 0.004) and 
Group 3 (p = 0.019) compared to patients in Group 4.

No significant difference between groups was observed 
in DMN connectivity after the test (F(3, 28) = 2.543, 
p = 0.076).

Discussion
iNPH should be considered a form of dementia, whose 
pathophysiology is associated with multiple revers-
ible and irreversible neurobiological mechanisms [1, 10]. 
Neuroradiological investigations document a ventricu-
lomegaly with mechanical compression and stretching 
of periventricular brain, accompanied by small blood-
vessels damage and reduced blood flow in subcortical, 
frontal and temporal lobes, and decreased subcortical 
metabolism [1]. Altered CSF dynamics induce the devel-
opment of interstitial edema and poor clearance of 
neurotoxic compounds in brain tissues [1]. Altogether, 
mechanical, vascular and CSF-flow mechanisms induce 

Fig. 2  Comparison between patients with positive results after VPS implant and healthy controls. Z-DMN and z-MN improved after the tap test 
in iNPH subjects that favorably responded to VPS implantation. The values refer to the mean value of z-scores in Group 1, 2 and 3 and patients in 
Group 4 that improved after shunt implant. DMN: default-mode network; HC: healthy controls; MN: motor network
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grey and white matter changes with subsequent damage 
in the connectivity between multiple brain regions [1].

A large population-based Swedish study reported the 
prevalence of iNPH to be around 6% of adults older than 
80 years [11, 29]. Because of the presence of neurologi-
cal mimics, the high prevalence of comorbidities and the 
absence of reliable predictors of shunt response [11, 29], 
only a minority of patients receives an accurate diagno-
sis and treatment [11]. The development of quantitative 
and accurate markers for iNPH diagnosis and prognosis 
is therefore needed [1].

Clinical features, neuroradiological biomarkers and CSF 
dynamics
According to the international guidelines, the diagnosis 
of iNPH relies on the combination of brain imaging and 
clinical features [10]. In particular, gait disturbance is 
the most prominent symptom, occurring in 94 to 100% 
of patients, while the rates of cognitive impairment and 
urinary dysfunction vary from 78 and 60% to 98 and 
92%, respectively [10]. In our population, gait imbalance 
was the predominant symptom (96.9%), while urinary 
disorders and cognitive impairment were less frequent 
(78.1% and 62.5%, respectively). The co-presence of all 

symptoms was recorded in 43.7% of our cohort, a lower 
value compared to the 60% reported in the literature [10].

The most important neuroradiological finding in 
iNPH is ventriculomegaly: an EI > 0.3 defines hydro-
cephalus, but ventriculomegaly also occurs in healthy 
elderly individuals [10]. DESH findings (ventriculo-
megaly, Sylvian fissure dilatation, and narrowing of 
the high convexity/midline subarachnoid spaces) are 
reported in 64% of patients, with a 77% positive and 
25% negative predictive value [10]. Steeping of the CA 
indirectly expresses DESH and values < 90% are seen 
in most iNPH subjects [10]. It is useful to differentiate 
iNPH from Alzheimer’s disease (AD) and a cutoff of 90° 
demonstrates a positive predictive value of 93% [10]. 
Three-quarters of our population presented with DESH 
findings, while the CA ranged from 63° to 130°.

Because of the aging of the population and the aug-
mented diagnosis of neurodegenerative disease, the 
recourse to invasive procedures (such as the study of 
CSF dynamics and physicochemical characteristics) 
has allowed differentiating iNPH from other forms of 
dementia [10]. The tap test has a sensitivity of 58% (26–
87%) and a specificity of 75% (33–100%) [10]. Because 
of the high rate of false negatives (especially in patients 

Fig. 3  z-DMN modifications after the tap test. Herein, we compare the mean z-DMN between VPS responders (Group 1, 2, 3 and two patients of 
Group 4) and non-responders (the majority of Group 4). The score improved in responders, while decreased in non-responders. DMN: default-mode 
network; VPS: ventriculoperitoneal shunt. *p value < 0.05
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with a long clinical story) [30], the tap test is generally 
accompanied by an infusion one. High values of Rout 
present a positive prediction rate of 80–92% relatively 
to VPS success [10].

rs‑fMRI in neurodegenerative disease
It is important to develop non-invasive and reliable diag-
nostic methods for iNPH [21]. Recently, rs-fMRI has 
attracted attention as a tool to help with clinical diagno-
sis and evaluation of neuropsychiatric and neurodegen-
erative disorders [19–22, 31–34]. Typical fMRI research 
focuses on the change in BOLD signal caused by the neu-
ral response to an externally controlled stimulus, while 
during rs-fMRI subjects are not required to perform 
demanding cognitive tasks [21]. Thus, rs-fMRI could be 
useful in cases of dementia and cognitive impairment 
[21]. It has been suggested that fluctuations in BOLD 
during rest reflect the neuronal baseline activity of the 
brain [31]. The statistical interdependence between sig-
nals recorded at different locations [32] represents pat-
terns of synchronization and communication in the 
brain [33]. The DMN consists of discrete, bilateral and 
symmetric cortical areas [34] that are active during rest 

and suspended/deactivated when specific goal-directed 
behavior is needed [34–37]. While the ventral-medial 
prefrontal cortex supports emotional processing and 
the dorsal medial prefrontal cortex is associated with 
self-referential mental activity, the recollection of prior 
experiences is controlled by the posterior elements of the 
DMN (posterior cingulate cortex and the medial precu-
neus) [34]. At rest, the DMN demonstrated a baseline of 
fluctuating high activity and attenuation during particu-
lar tasks [31, 34]. In healthy people, an average percent-
age of BOLD signal fluctuation in the posterior cingulate 
and superior parietal areas of the DMN up to 3% has 
been described [31]. In AD, reductions in the DMN are 
mainly found in the posterior elements [20], with altered 
connectivity to the anterior ones (medial prefrontal cor-
tex, anterior cingulate, superior temporal and inferior 
parietal region) [19]. rs-fMRI data present a sensitivity 
in classification of AD patients against healthy controls 
of 72–100% and specificity of 70–95% [19]. Unlike AD, 
no clear pattern of DMN is associated with Parkinson’s 
disease, while alteration of the motor and limbic connec-
tivity seems to be a common pattern and the presence 
of hallucinations corresponds to a higher DMN activity 

Fig. 4  z-MN modifications after the tap test. Herein, we compare the mean z-MN between VPS responders (Group 1, 2, 3 and two patients of Group 
4) and non-responders (the majority of Group 4). The score improved in responders, while decreased in non-responders. MN: motor network; VPS: 
ventriculoperitoneal shunt. *p value < 0.05
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with disruption of the connectivity between ventral and 
dorsal attention networks [19].

rs‑fMRI as an iNPH biomarker
It is demonstrated that, in iNPH, structural connectivity 
modifications affect periventricular white matter span-
ning (corticospinal tract [CST], corona radiata, superior 
thalamic radiation), homotopic connections (corpus cal-
losum), the fronto-subcortical loops (anterior thalamic 
radiation), the frontoparietal (superior longitudinal fas-
ciculus), and the parietotemporal (inferior longitudinal 
fasciculus) circuits [1]. These alterations converge in 
the frontal lobe and tap multiple cortical and subcorti-
cal areas; the anterior insula seems to be the intersection 
between locomotion, micturition and executive func-
tion meta-analyses [1, 21]. rs-fMRI studies evidenced an 
association between DMN and frontotemporal abnormal 
functional connectivity and cognitive and urinary, but 
not motor symptoms [20, 21]. Only Ogata found a rela-
tionship between urinary incontinence and functional 
connectivity in the cingulate, insula and frontal area [21].

Khoo reported the data of sixteen iNPH patients with 
improvement in their presenting symptoms after tap 
test [20]. Both region of interest (ROI)-based and voxel-
based analyses revealed a reduced DMN connectivity 
[20]. In the voxel-based one, the DMN connectivity cor-
related positively with the iNPH-GS, as the cognitive and 
urinary continence domain scores, and negatively with 
the FAB score [20]. The significant peak in correlation 
was localized in the precuneus [20]. DMN connectivity 
and precuneus activity were hypothesized to decrease to 
compensate for impaired cognition, attention, gait and 
continence in patients with mild iNPH stage [20]. These 
results aligned with the observations of Miyazaki: the 
18Fluoro-desossiglucose-positron emission tomography/
computed tomography (FDG-PET/CT) scans revealed 
decreased brain glucose metabolism in the precuneus to 
posterior cingulate cortices in iNPH, but not in asymp-
tomatic ventriculomegaly with features of iNPH on MRI 
(AVIM) [38]. The altered connectivity is not observed in 
preclinical stages, but only after symptoms onset [38]. 
With symptoms worsening, the compensatory decrease 
in DMN may not be maintained, resulting in an increase 
in DMN connectivity relative to that in the mild stage 
[20]. Similarly, our data demonstrated a higher base-
line value of z-DMN in patients that did not respond to 
the tap test, suggesting a more compromised plasticity 
mechanism. In particular, in first stages of the disease, 
DMN activity decreases to compensate superior func-
tioning. For this reason, we speculated that DMN scores 
were lower in Group 1 if compared with Group 4.

Ogata reported the data of nine subjects with a prob-
able diagnosis of iNPH and two with a possible one [21]. 

Greater contribution of the interhemispheric connectiv-
ity than that of the intra-hemispheric one was reported 
for gait, cognition, and marginally for urinary symp-
toms [21]. The main contribution to functional con-
nectivity modifications was identified in the areas that 
were located near the enlarged cerebral sulci (superior 
and middle temporal pole, insula, orbitofrontal cortex 
and medial frontal one) [21]. These findings support the 
hypothesis that enlarged ventricles stretch periventricu-
lar fibers and induce an abnormal functional connectivity 
[21]. The improvement of iNPH triad after VPS implan-
tation could be explained by the reduced compression of 
the corpus callosum and the restoration of the interhemi-
spheric functional connectivity [21].

Griffa, reporting the result of a cohort of twenty-one 
iNPH patients, concluded that iNPH is mainly charac-
terized by abnormal cross-network dynamics involv-
ing the DMN, rather than by an intrinsic impairment 
of the DMN itself [22]. In particular, the analyses dem-
onstrated an abnormal interaction between the precu-
neus and higher-order cortical regions, but not between 
the precuneus and other regions of the DMN [22]. The 
modified DMN-salience network (SAL) and DMN-exec-
utive-control network (ECN) interactions supported the 
observation of a partially influenced hierarchy between 
task-positive (ECN, SAL) and task-negative (DMN) net-
works [39]. Connectivity between higher-order systems 
tends to increase, whereas connectivity between lower-
order systems tend to decrease [22]. Thus, an increased 
baseline activity in the frontal lobe of iNPH patients 
could be interpreted as a compensatory mechanism in 
response to motor and executive deficits [22].

Our results confirmed the presence of an altered 
DMN activity in iNPH patients, when compared to 
healthy subjects [20, 21]. On the bases of infusion test 
data and clinical response to tap test, we clustered 
patients into four groups. High values of Rout defined 
Group 1, if associated with a clinical response to the tap 
test, and Group 2, if there was not a clinical ameliora-
tion after CSF removal. Group 3 and 4 were character-
ized by low Rout values and response or no-response 
to the tap test, respectively. We confirmed an amelio-
ration in DMN connectivity after CSF removal [22], 
and, for the first time, we demonstrated an augmented 
functionality of the MN after the procedure, confirm-
ing the presence of a functional plasticity mechanism 
24 h after the tap test. This short-term plasticity effect 
could be ascribed to the reversal of subcortical chronic 
ischemia after CSF drainage, with consequent res-
toration of periventricular pathways [40]. Clinically, 
patients improved in gait and continence, but not in 
cognitive performances after the tap test, corroborating 
the thesis that resting-state functional dynamics may 
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recover quicker than cognitive functions [22]. Moreo-
ver, we documented a correlation between high z-DMN 
scores at the baseline and the tendency not to respond 
to the tap test, while high z-MN values at the baseline 
were associated with clinical improvement after CSF 
subtraction. Moreover, a high percentage of z-DMN 
and z-MN score amelioration was observed in patients 
with high Rout values. The majority of patients who 
underwent VPS implantation demonstrated subsequent 
symptoms amelioration. In these cases, DMN and MN 
implemented activity after tap test predicted a positive 
response to CSF shunting. No significant amelioration 
in DMN and MN signal was observed in the majority 
of Group 4. In particular, subjects who improved after 
VPS implantation were those who presented an ame-
lioration in z-scores after the tap-test (Fig. 3, 4). Group 
4 patients who did not improve were those who dem-
onstrated higher values in z-DMN and z-MN before 
the tap test and who worsened in these scores after the 
procedure. These subjects were the oldest of our series 
and symptoms duration was the longest one (Table 2). 
DMN basal activity was the highest of the cohort and 
no significant amelioration was evidenced after CSF 
drainage or VPS implant. Moreover, a z-DMN score 
deterioration after CSF subtraction was recorded. We 
could speculate that, in these cases, the long dura-
tion of the disease and the presence of comorbidities 
(hypertension and diabetes mellitus) were associated 
with irreversible damages, which did not respond to the 
test: these patients were the frailest of the cohort [23, 
24, 41]. Independently of iNPH diagnosis, an associa-
tion between cerebral elastance and frailty has already 
been reported, with an effect size comparable to that 
between frailty and age, the latter being the strongest 
risk factor for frailty [41]. These patients generally do 
not beneficiate from surgery and have the major sur-
gical risk profile [23, 24]. Similarly in our population, 
subject were exposed to surgical risks, but did not ben-
eficiate from the procedure.

In Group 1, we recorded a positive response to tap test, 
high Rout values and improvement in z-DMN and z-MN 
scores. Moreover, the values of z-DMN were the lowest 
of the entire cohort, suggesting a promptly responsive 
compensational mechanism. We could consider these 
patients as those who will most benefit from surgery, 
because of a baseline favorable condition.

Focusing our attention on the patients with equivocal 
results to CSF dynamics evaluations and tap test (Groups 
2 and 3), we observed an improvement in DMN and MN 
connectivity, suggesting a restored functional connec-
tivity and a partially reversible condition. All patients 
reported some degrees of clinical amelioration after VPS 
implantation. In addition, the only patient in Group 2 

who demonstrated a clinical deterioration after the tap 
test underwent VPS implantation and the benefits of sur-
gery were recorded six months later. In this case, rs-fMRI 
revealed a complementary role and allowed us to suggest 
surgery.

Because the natural course of iNPH consists of symp-
toms progression over time [9] and functional connec-
tivity depends on clinical severity [20], rs-fMRI could 
be able to identify reversible and irreversible damage, 
thereby improving treatment selection.

Limitations
The low numerosity of our population did not permit us 
to identify a statistically significant cut-off, which could 
play a role as a prognostic and predictive factor, distin-
guishing patients who could benefice from surgery and 
those who could not. Larger studies need to be per-
formed to support the hypothesis of the presence of a 
real cut-off in z-MN and z-DMN scores.

Our results complement the role of invasive test data, 
but they cannot substitute for them so far. This is still one 
fundamental problem regarding the use of rs-fMRI as a 
biomarker in iNPH [19].

Conclusions
iNPH is a form of dementia characterized by an impaired 
interaction between multiple brain regions. Neurora-
diological parameters and CSF dynamics invasive evalu-
ations demonstrate low accuracy in predicting surgery 
response. rs-fMRI highlights reversible connectivity 
alterations in DMN and MN. The standardization of this 
technique could play a role as a non-invasive biomarker 
in iNPH disease.

Abbreviations
10MWT	� 10-Meter walking test
ANOVA	� Analysis of variance
AD	� Alzheimer’s disease
AVIM	� Asymptomatic ventriculomegaly with features of iNPH on MRI
BOLD	� Blood oxygenation level-dependent
CA	� Callosal angle
CSF	� Cerebrospinal fluid
CST	� Corticospinal tract
DESH	� Disproportionately enlarged subarachnoid-space hydrocephalus
DMN	� Default-mode network
EI	� Evans’ index
ECN	� Executive-control network
EPI	� Echo-planar imaging
FAB	� Frontal assessment battery
FDG-PET/CT	� 18Fluoro-desossiglucose-positron emission tomogra-

phy/ computed tomography
FLAIR	� Fluid-attenuated inversion recovery
FSL	� FMRIB Software Library
HSD	� Honest significant difference
ICA	� Independent component analysis
iNPH	� Idiopathic normal pressure hydrocephalus
iNPH-GC	� INPH grading scale
IR	� Inversion recovery



Page 12 of 13Fabbro et al. Fluids and Barriers of the CNS            (2023) 20:7 

MDS-UPDRS	� Movement Disorder Society unified Parkinson disease 
rating scale

MELODIC	� Multivariate Exploratory Linear Optimized Decomposition into 
Independent Components

mFI-11	� Modified-frailty index-11
MN	� Motor network
MRI	� Magnetic resonance imaging
Rout	� Resistance to outflow
ROI	� Region of interest
rs-fMRI	� Resting-state functional-MRI
SAL	� Salience network
SPM	� Statistical Parametric Mapping-12
TSE	� Turbo spin echo
TUG​	� Time up and go
TUG-C	� Cognitive-TU
VPS	� Ventriculoperitoneal shunt

Acknowledgements
Not applicable.

Author contributions
S.F., F.T.: first draft, editing, review, and final approval. D.P.: figures and statistical 
analysis. M.C.V., D.B., Y.T., E.B., M.M., M.C.D.C., M.S.: review and final approval. 
All authors reviewed the manuscript. All authors read and approved the final 
manuscript.

Funding
Authors have no personal financial or institutional interest in any of the drugs, 
materials or devices described in this study.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
All procedures contributing to this work complied with the ethical standards 
of the relevant national and institutional committees on human experimenta-
tion and with the declaration of Helsinki. The local ethics committee approved 
the study (RIF. Prot IRB: 090/2021), and informed consent was obtained from 
each subject.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Neurosurgery, ASUFC “Santa Maria Della Misericordia”, 
Piazzale Santa Maria Della Misericordia 15, 33100 Udine, Italy. 2 Department 
of Neuroradiology, ASUFC “Santa Maria Della Misericordia”, Piazzale Santa 
Maria Della Misericordia 15, 33100 Udine, Italy. 3 Department of Neurology, 
ASUFC “Santa Maria Della Misericordia”, Piazzale Santa Maria Della Misericor-
dia 15, 33100 Udine, Italy. 4 Department of Physics, ASUFC “Santa Maria Della 
Misericordia”, Piazzale Santa Maria Della Misericordia 15, 33100 Udine, Italy. 
5 Department of Clinical, Diagnostic and Pediatric Sciences, University of Pavia, 
Via Alessandro Brambilla 74, 27100 Pavia, Italy. 

Received: 16 September 2022   Accepted: 16 January 2023

References
	1.	 Griffa A, Van De Ville D, Herrmann FR, Allali G. Neural circuits of idiopathic 

normal pressure hydrocephalus: a perspective review of brain connectiv-
ity and symptoms meta-analysis. Neurosci Biobehav Rev. 2020;112:452–
71. https://​doi.​org/​10.​1016/j.​neubi​orev.​2020.​02.​023.

	2.	 Kubo Y, Kazui H, Yoshida T, Kito Y, Kimura N, Tokunaga H, Ogino A, Miyake 
H, Ishikawa M, Takeda M. Validation of grading scale for evaluating symp-
toms of idiopathic normal-pressure hydrocephalus. Dement Geriatr Cogn 
Disord. 2008;25:37–45. https://​doi.​org/​10.​1159/​00011​1149.

	3.	 Giordan E, Palandri G, Lanzino G, Murad MH, Elder BD. Outcomes and 
complications of different surgical treatments for idiopathic normal pres-
sure hydrocephalus: a systematic review and meta-analysis. J Neurosurg. 
2018;1:1–13. https://​doi.​org/​10.​3171/​2018.5.​JNS18​75.

	4.	 Klassen BT, Ahlskog JE. Normal pressure hydrocephalus: how often does 
the diagnosis hold water? Neurology. 2011;77:1119–25. https://​doi.​org/​
10.​1212/​WNL.​0b013​e3182​2f02f5.

	5.	 Klinge P, Hellstrom P, Tans J, Wikkelso C. One-year outcome in the Euro-
pean multicentre study on iNPH. Acta Neurol Scand. 2012;126:145–53. 
https://​doi.​org/​10.​1111/j.​1600-​0404.​2012.​01676.x.

	6.	 Pomeraniec IJ, Bond AE, Lopes MB, Jane JA. Concurrent Alzheimer’s 
pathology in patients with clinical normal pressure hydrocephalus: cor-
relation of high volume lumbar puncture results, cortical brain biopsies, 
and outcomes. J Neurosurg. 2016;124:382–8. https://​doi.​org/​10.​3171/​
2015.2.​JNS14​2318.

	7.	 Shaw R, Mahant N, Jacobson E, Owler B. A review of clinical outcomes for 
gait and other variables in the surgical treatment of idiopathic normal 
pressure hydrocephalus. Mov Disord Clin Pract. 2016;3:331–41. https://​
doi.​org/​10.​1002/​mdc3.​12335.

	8.	 Toma AK, Papadopoulos MC, Stapleton S, Kitchen ND, Watkins LD. 
Systematic review of the outcome of shunt surgery in idiopathic normal-
pressure hydrocephalus. Acta Neurochir (Wien). 2013;155:1977–80. 
https://​doi.​org/​10.​1007/​s00701-​013-​1835-5.

	9.	 Andren K, Wikkelso C, Tisell M, Hellstrom P. Natural course of idi-
opathic normal pressure hydrocephalus. J Neurol Neurosurg Psychiatry. 
2014;85:806–10. https://​doi.​org/​10.​1136/​jnnp-​2013-​306117.

	10.	 Nakajima M, Yamada S, Miyajima M, Ishii K, Kuriyama N, Kazui H, 
Kanemoto H, Suehiro T, Yoshiyama K, Kameda M, Kajimoto Y, Mase M, 
Murai H, Kita D, Kimuda T, Samejima N, Tokuda T, Kaijima M, Akiba C, 
Kawamura K, Atsuchi M, Hirata Y, Matsumae M, Sasaki M, Yamashita F, 
Aoki S, Irie R, Mitake H, Kato T, Mori E, Ishikawa M, Date I, Arai H, The 
research committe of idiopathic normal pressure hydrocephalus. 
Guidelines for management of idiopathic normal pressure hydrocephalus 
(third edition): endorsed by the Japanese society of normal pressure 
hydrocephalus.Neurol Med Chir (Tokyo). 2021;61:63–97. https://​doi.​org/​
10.​2176/​nmc.​st.​2020-​0292.

	11.	 Halperin JJ, Kurlan R, Schwalb JM, Cusimano MD. Practice guideline: 
Idiopathic normal pressure hydrocephalus: Response to shunting and 
predictors of response: Report of the Guideline Development, Dissemina-
tion, and Implementation subcommittee of the American Academy of 
Neurology. Neurology. 2015;85(23):2063–7. https://​doi.​org/​10.​1212/​WNL.​
00000​00000​002193.

	12.	 Isaacs AM, Hamilton MG, Williams MA. Idiopathic normal pressure 
hydrocephalus. In: Limbrick Jr DD, Leonard JR, editors. Cerebrospinal fluid 
disorders: lifelong Implications. Springer International Publishing. Cham; 
2019. p. 219–235. https://​doi.​org/​10.​1007/​978-3-​319-​97928-1_​12.

	13.	 Luikku AJ, Hall A, Nerg O, Koivisto AM, Hiltunen M, Helisalmi S, Herukka 
SK, Sutela A, Kojoukhova M, Mattila J, Lotjonen J, Rummukainen J, Alafu-
zoff I, Jaaskelainen JE, Remes AM, Soininen H, Leinonen V. Multimodal 
analysis to predict shunt surgery outcome of 284 patients with suspected 
idiopathic normal pressure hydrocephalus. Acta Neurochir (Wien). 
2016;158:2311–9. https://​doi.​org/​10.​1007/​s00701-​016-​2980-4.

	14.	 Marmarou A, Bergsneider M, Klinge P, Relkin N, Black PM. The value of 
supplemental prognostic tests for the preoperative assessment of idi-
opathic normal pressure hydrocephalus. Neurosurgery. 2005;57. https://​
doi.​org/​10.​1227/​01.​NEU.​00001​68184.​01002.​60.

	15.	 Wikkelso C, Hellstrom P, Klinge PM, Tans J, TJ Group, on behalf of the E 
iNPH MS. The European iNPH Multicentre Study on the predictive values 
of resistance to CSF outflow and the CSF Tap Test in patients with idi-
opathic normal pressure hydrocephalus. J Neurol Neurosurg Psychiatry. 
2013;84:562–568. https://​doi.​org/​10.​1136/​jnnp-​2012-​303314.

	16.	 Lu VM, Kerezoudis P, Patel NP, Jones DT, Cutsforth-Gregory JK, Graff-Rad-
ford J, Graff-Radford NR, Elder BD. Our efforts in understanding normal 
pressure hydrocephalus: learning from the 100 most cited articles by 
bibliometric analysis. World Neurosurg. 2020;137:429-434.e13. https://​doi.​
org/​10.​1016/j.​wneu.​2020.​02.​021.

https://doi.org/10.1016/j.neubiorev.2020.02.023
https://doi.org/10.1159/000111149
https://doi.org/10.3171/2018.5.JNS1875
https://doi.org/10.1212/WNL.0b013e31822f02f5
https://doi.org/10.1212/WNL.0b013e31822f02f5
https://doi.org/10.1111/j.1600-0404.2012.01676.x
https://doi.org/10.3171/2015.2.JNS142318
https://doi.org/10.3171/2015.2.JNS142318
https://doi.org/10.1002/mdc3.12335
https://doi.org/10.1002/mdc3.12335
https://doi.org/10.1007/s00701-013-1835-5
https://doi.org/10.1136/jnnp-2013-306117
https://doi.org/10.2176/nmc.st.2020-0292
https://doi.org/10.2176/nmc.st.2020-0292
https://doi.org/10.1212/WNL.0000000000002193
https://doi.org/10.1212/WNL.0000000000002193
https://doi.org/10.1007/978-3-319-97928-1_12
https://doi.org/10.1007/s00701-016-2980-4
https://doi.org/10.1227/01.NEU.0000168184.01002.60
https://doi.org/10.1227/01.NEU.0000168184.01002.60
https://doi.org/10.1136/jnnp-2012-303314
https://doi.org/10.1016/j.wneu.2020.02.021
https://doi.org/10.1016/j.wneu.2020.02.021


Page 13 of 13Fabbro et al. Fluids and Barriers of the CNS            (2023) 20:7 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	17.	 Martín-Láez R, Caballero-Arzapalo H, López-Menéndez LA, Arango-
Lasprilla JC, Vázquez-Barquero A. Epidemiology of idiopathic Normal 
pressure hydrocephalus: a systematic review of the literature. World 
Neurosurg. 2015;84:2002–9. https://​doi.​org/​10.​1016/j.​wneu.​2015.​07.​005.

	18.	 Oliveira LM, Nitrini R, Román GC, Oliveira LM, Nitrini R, Román GC. 
Normal-pressure hydrocephalus: a critical review. Dementia Neuropsy-
chologia. 2019;13:133–43. https://​doi.​org/​10.​1590/​1980-​57642​018dn​
13-​020001.

	19.	 Hohenfeld C, Werner CJ, Reetz K. Resting-state connectivity in neuro-
degenerative disorders: is there potential for an imaging biomarker? 
NeuroImage: Clinical. 2018;18:849–870. https://​doi.​org/​10.​1016/j.​nicl.​
2018.​03.​013.

	20.	 Khoo HM, Kishima H, Tani N, Oshino S, Maruo T, Hosomi K, Yoshimine T. 
Default mode network connectivity in patients with idiopathic normal 
pressure hydrocephalus. J Neurosurgery. 2016;124:350–8. https://​doi.​org/​
10.​3171/​2015.1.​JNS14​1633.

	21.	 Ogata Y, Ozaki A, Ota M, Oka Y, Nishida N, Tabu H, Sato N, Hanakawa T. 
Interhemisferic resting-state functional connectivity predicts severity of 
idiopathic normal pressure hydrocephalus. Front Neurosci. 2017;11:470. 
https://​doi.​org/​10.​3389/​fnins.​2017.​00470.

	22.	 Griffa A, Bommarito G, Assal F, Hermann FR, Van De Ville D, Allali G. 
Dynamic functional networks in idiopathic normal pressure hydro-
cephalus: alterations and reversibility by CSF tap test. Hum Brain Mapp. 
2020;42:1485–502. https://​doi.​org/​10.​1002/​hbm.​25308.

	23.	 Panayi AC, Orkaby AR, Sakthivel D, et al. Impact of frailty on outcomes 
in surgical patients: a systematic review and meta-analysis. Am J Surg. 
2019;218(2):393–400. https://​doi.​org/​10.​1016/j.​amjsu​rg.​2018.​11.​020.

	24.	 Tjeertes EKM, van Fessem JMK, Mattace-Raso FUS, Hoofwijk AGM, Stolker 
RJ, Hoeks SE. Influence of frailty on outcome in older patients undergoing 
non-cardiac surgery—a systematic review and meta-analysis. Aging Dis. 
2020;11(5):1276–90. https://​doi.​org/​10.​14336/​AD.​2019.​1024.

	25.	 Beckmann CF, Smith SM. Probabilistic independent component analysis 
for functional magnetic resonance imaging. IEEE Trans Med Imaging. 
2004;23(2):137–52. https://​doi.​org/​10.​1109/​TMI.​2003.​822821.

	26.	 Abou Elseoud A, Nissilä J, Liettu A, et al. Altered resting-state activity in 
seasonal affective disorder. Hum Brain Mapp. 2014;35(1):161–72. https://​
doi.​org/​10.​1002/​hbm.​22164.

	27.	 Griffanti L, Douaud G, Bijsterbosch J, et al. Hand classification of fMRI ICA 
noise components. Neuroimage. 2017;154:188–205. https://​doi.​org/​10.​
1016/j.​neuro​image.​2016.​12.​036.

	28.	 Littow H, Elseoud AA, Haapea M, et al. Age-related differences in func-
tional nodes of the brain cortex—a high model order group ICA study. 
Front Syst Neurosci. 2010;4:32. https://​doi.​org/​10.​3389/​fnsys.​2010.​00032.

	29.	 Jaraj D, Rabiei K, Marlow T, Jensen C, Skoog I, Wikkelso C. Prevalence of 
idiopathic normal-pressure hydrocephalus. Neurology. 2014;82:1449–54. 
https://​doi.​org/​10.​1212/​WNL.​00000​00000​000342.

	30.	 Sakakibara R, Uchida Y, Ishii K, Kazui H, Hashimoto M, Ishikawa M, Yuasa 
T, Kishi M, Ogawa E, Tateno F, Uchiyama T, Yamamoto T, Yamanishi T, 
Terada H; SINPHONI (Study of Idiopathic Normal Pressure Hydrocephalus 
On Neurological Improvement). Correlation of right frontal hypoperfu-
sion and urinary dysfunction in iNPH: A SPECT study. Neurourol Urodyn. 
2012;31:50–55. https://​doi.​org/​10.​1002/​nau.​21222.

	31.	 Damoiseaux JS, Rombouts SARB, Barkhof F, Scheltens P, Stam CJ, Smith 
SM, Beckmann CF. Consistent resting-state networks across healthy 
subjects. PNAS. 2016;103(37):13848–53.

	32.	 Friston KJ. Functional and effective connectivity in neuroimaging: a 
synthesis. Hum Brain Mapp. 1994;2:56–78. https://​doi.​org/​10.​1002/​hbm.​
46002​0107.

	33.	 van den Heuvel MP, Hulshoff Pol HE. Exploring the brain network: a 
review on resting-state fMRI functional connectivity. Eur Neuropsychop-
harmacol. 2010;20:519–34. https://​doi.​org/​10.​1016/j.​euron​euro.​2010.​03.​
008.

	34.	 Raichle ME. The brain’s default mode network. Ann Rev Neurosci. 
2015;38:413–27. https://​doi.​org/​10.​1146/​annur​ev-​neuro-​071013-​014030.

	35.	 Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle. The 
human brain is intrinsically organized into dynamic, anticorrelated func-
tional networks. Proc Natl Acad Sci USA. 2005;102:9673–9678. https://​doi.​
org/​10.​1073/​pnas.​05041​36102.

	36.	 Greicius MD, Krasnow B, Reiss AL, Menon. Functional connectivity in the 
resting brain: a network analysis of the default mode hypothesis. Proc 

Natl Acad Sci USA. 2003;100:253–258. https://​doi.​org/​10.​1073/​pnas.​01350​
58100.

	37.	 Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shul-
man GL. A default mode of brain function. Proc Natl Acad Sci USA. 
2001;98:676–82. https://​doi.​org/​10.​1073/​pnas.​98.2.​676.

	38.	 Miyazaki K, Hanaoka K, Kaida H, Chiba Y, Ishii K. Association between 
the onset of idiopathic normal pressure hydrocephalus symptoms and 
reduced default mode network connectivity. Dement Geriatr Cogn 
Disord. 2020. https://​doi.​org/​10.​1159/​00050​8338.

	39.	 Murphy K, Fox MD. Towards a consensus regarding global signal 
regression for resting state functional connectivity MRI. Neuroimage. 
2017;154:169–73. https://​doi.​org/​10.​1016/j.​neuro​image.​2016.​11.​052.

	40.	 Lenfeldt N, Larsson A, Nyberg L, Andersson M, Birgander R, Eklund A, 
Malm J. Idiopathic normal pressure hydrocephalus: increased supple-
mentary motor activity accounts for improvement after CSF drainage. 
Brain. 2008;131:2904–12. https://​doi.​org/​10.​1093/​brain/​awn232.

	41.	 Vallet A, Del Campo N, Hoogendijk EO, Lokossou A, Balédent O, Czosnyka 
Z, Balardy L, Payoux P, Swider P, Lorthois S, Schmidt E. Biomechanical 
response to the CSN is associated with frailty in NPH-suspected patients. 
J Neurol. 2020. https://​doi.​org/​10.​1007/​s00415-​019-​09689-z.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.wneu.2015.07.005
https://doi.org/10.1590/1980-57642018dn13-020001
https://doi.org/10.1590/1980-57642018dn13-020001
https://doi.org/10.1016/j.nicl.2018.03.013
https://doi.org/10.1016/j.nicl.2018.03.013
https://doi.org/10.3171/2015.1.JNS141633
https://doi.org/10.3171/2015.1.JNS141633
https://doi.org/10.3389/fnins.2017.00470
https://doi.org/10.1002/hbm.25308
https://doi.org/10.1016/j.amjsurg.2018.11.020
https://doi.org/10.14336/AD.2019.1024
https://doi.org/10.1109/TMI.2003.822821
https://doi.org/10.1002/hbm.22164
https://doi.org/10.1002/hbm.22164
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.1016/j.neuroimage.2016.12.036
https://doi.org/10.3389/fnsys.2010.00032
https://doi.org/10.1212/WNL.0000000000000342
https://doi.org/10.1002/nau.21222
https://doi.org/10.1002/hbm.460020107
https://doi.org/10.1002/hbm.460020107
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.1146/annurev-neuro-071013-014030
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1073/pnas.0504136102
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.0135058100
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1159/000508338
https://doi.org/10.1016/j.neuroimage.2016.11.052
https://doi.org/10.1093/brain/awn232
https://doi.org/10.1007/s00415-019-09689-z

	Resting-state functional-MRI in iNPH: can default mode and motor networks changes improve patient selection and outcome? Preliminary report
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Clinical assessment
	Infusion and tap tests
	Neuroradiological investigation
	f-MRI data processing and analysis
	Cohort stratification
	Statistical analysis

	Results
	Cohort stratification
	Clinical evaluation
	CSF dynamics results
	Neuroradiological findings
	rs-fMRI results

	Discussion
	Clinical features, neuroradiological biomarkers and CSF dynamics
	rs-fMRI in neurodegenerative disease
	rs-fMRI as an iNPH biomarker
	Limitations

	Conclusions
	Acknowledgements
	References


