
Murambi et al. Fluids and Barriers of the CNS           (2025) 22:61  
https://doi.org/10.1186/s12987-025-00670-9

RESEARCH Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

Fluids and Barriers of the CNS

Deformation of brain in normal pressure 
hydrocephalus is more readily associated 
with slow vasomotion rather than heartbeat 
related pulsations of intracranial pressure
Ronald T. Murambi1,2†, Henora Chour3, Magdalena Kasprowicz4, Craig R. Vonhoff1,2, Marek Czosnyka5,6, 
Zofia Czosnyka5 and Matthias Jaeger1,2*† 

Abstract 

Objective  Enlarged brain ventricles, compressed parasagittal cerebrospinal fluid spaces, steep callosal angle, dilated 
sylvian fissures and focal cortical sulcal dilatation are typical imaging features of idiopathic normal pressure hydro-
cephalus (iNPH). The pathophysiological mechanisms behind these morphological changes are poorly understood, 
but the hydrodynamic concepts of communicating hydrocephalus suggest that increased heartbeat related intrac-
ranial pulsations are involved in ventricular enlargement. In this cross-sectional study we analysed the association 
between the radiological findings of iNPH and the physiological intracranial pressure (ICP) waveform components.

Methods  117 patients with suspected iNPH underwent computerised overnight ICP monitoring with calculation 
of heartbeat related ICP pulse wave amplitude (calculated in the frequency domain, AMP, and time domain, MWA), 
amplitude of respiration induced ICP waves (RESP), power of slow vasogenic waves (SLOW), and index of cerebrospi-
nal compensatory reserve (RAP). Radiological morphological data was recorded from computed tomography using 
Evans Index (EI), frontal occipital horn ratio (FOHR), and disproportionately enlarged subarachnoid space hydrocepha-
lus (DESH) score.

Results  The strongest correlation was observed between SLOW and DESH (r = 0.44, p < 0.012). SLOW also correlated 
with ventricular size as measured with EI (r = 0.23, p = 0.045) and FOHR (r = 0.26, p = 0.037). ICP and RESP also correlated 
with DESH (r = 0.25, p = 0.037 and r = 0.25, p = 0.038, respectively). AMP and MWA were not correlated with the radio-
logical data.

Conclusions  Mainly SLOW showed correlations with the morphological imaging features of iNPH. SLOW is influ-
enced by vasomotion and intracranial compliance. This study suggests that the magnitude of ICP slow wave activity, 
but not ICP pulse component is related to the size of brain ventricles and DESH in iNPH.
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compliance, Intracranial pulsations, Computed tomography

†Ronald T. Murambi and Matthias Jaeger contributed equally to this work.

*Correspondence:
Matthias Jaeger
matthias.jaeger@health.nsw.gov.au
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12987-025-00670-9&domain=pdf


Page 2 of 9Murambi et al. Fluids and Barriers of the CNS           (2025) 22:61 

Introduction
Idiopathic normal pressure hydrocephalus (iNPH) is a 
neurodegenerative disease occurring in the aging popula-
tion. It is characterised by a clinical triad of progressive 
gait impairment, decline in cognitive function and incon-
tinence. The natural history of iNPH is unfavourable with 
worsening neurological symptoms and reduced survival 
[1, 2]. The treatment is surgical insertion of a ventric-
ulo-peritoneal, ventriculo-atrial or lumbo-peritoneal 
shunt, which can lead to improved symptoms in selected 
patients [3, 4]. Delays in surgical treatment lead to dis-
ease progression and increased risk of unfavourable out-
come [5].

The pathophysiological processes of iNPH are incom-
pletely understood, but it is now well accepted that iNPH 
represents a complex disturbance of cerebrospinal fluid 
(CSF) dynamics with normal baseline intracranial pres-
sure (ICP) that becomes symptomatic at the late stages of 
life. Initial findings that increased resistance to CSF out-
flow is the main mechanism standing behind the develop-
ment of iNPH were later challenged [6, 7]. A lack of clear 
diagnostic criteria makes selection of patients for surgi-
cal treatment and differentiation from other neurode-
generative diseases difficult. Current evidence indicates 
that iNPH is mainly underdiagnosed and undertreated 
[8], but patients may also be subjected to CSF diversion 
surgery without sustained neurological improvement 
[9–11].

Enlarged brain ventricles on computed tomography 
(CT) or magnetic resonance imaging (MRI) without evi-
dence of obstruction of CSF flow are the radiological hall-
mark of iNPH and one of the main diagnostic criteria in 
clinical practice. In addition, morphological features such 
as an acute callosal angle, compressed parasagittal CSF 
spaces, dilated sylvian fissures and focal cortical sulcal 
dilatation have been described as typical imaging find-
ings in iNPH, often summarised as disproportionately 
enlarged subarachnoid space hydrocephalus (DESH) [12].

Despite the important role of these radiological find-
ings to select patients with suspected iNPH for surgery, 
it is still unclear why the ventricles enlarge in iNPH in the 
absence of CSF flow obstruction and normal ICP. More 
so, it remains elusive why the DESH changes occur and 
what pathophysiological mechanisms are behind these 
morphological characteristics of iNPH.

The monitoring of ICP and its waveform components 
has long been used for the diagnostic management of 
iNPH [13–15]. ICP is derived from cerebral blood and 
CSF circulatory dynamics and can provide physiological 
information about cerebrospinal reserve capacity, com-
pliance, and vasogenic components. Some ICP wave-
form changes have been associated with iNPH, such as 
increase of the heartbeat related pulse pressure amplitude 

or vasogenic slow wave (also termed “b-wave”) activ-
ity [16–20]. In fact, elevations of the heartbeat related 
ICP pulse pressure amplitude have been thought to be 
involved in the development of ventricular enlargement 
in hydrocephalus, sometimes termed the “water-ham-
mer” effect as part of the hydrodynamic pathophysiologi-
cal model of communicating hydrocephalus [7, 21–23].

The aim of this study was to analyse the relationship 
between the characteristic morphological findings of 
iNPH on brain imaging (ventricular enlargement, DESH), 
and the physiological ICP signal with its waveform com-
ponents from diagnostic overnight monitoring. While 
our study was largely exploratory, we hypothesised that, 
consistent with the hydrodynamic theories of hydroceph-
alus pathophysiology, an association between the ICP 
derived intracranial heartbeat related pulsations and ven-
tricle size might exist.

Methods
Patient characteristics
We included patients undergoing diagnostic ICP moni-
toring as part of routine clinical investigation for iNPH 
under the care of the senior author from 2010 to 2021. 
Patients were identified from the hydrocephalus ICP 
monitoring database, the selection process is described 
in Fig.  1. Patients had probable or possible iNPH as 
described in the iNPH-guidelines [24], meaning they 
had ventricular enlargement on CT and MRI brain imag-
ing without evidence of CSF flow obstruction, together 
with appropriate clinical findings and no history of other 
causes of secondary NPH, such as brain haemorrhage 
or infection. The disease severity was assessed by one 
of the authors (MJ) using the Oslo-iNPH grading scale 
[25]. This scale allocates 1–5 points according to dis-
ease severity to each of the three domains of iNPH, gait 

Fig. 1  Selection process for the study population
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impairment, cognitive impairment and incontinence. 
Patients receive a combined score of 3–15 points, with 
lower scores representing a more unfavourable clinical 
status.

Radiological data
For this study a single CT brain performed on the date 
closest to the ICP monitoring and prior to CSF diversion 
(if performed) was reviewed by a fellowship trained radi-
ologist (HC) who was blinded to the patients’ clinical and 
ICP monitoring data. The CT scans were performed on 
64 slice helical scanners (LightSpeed, General Electric 
healthcare, Wauwatosa, WI, USA, n = 103; or Somatom 
Definition AS, Siemens Healthineers, Erlangen, Ger-
many, n = 14). The imaging protocols utilised consisted 
of reformatted coronal, sagittal, and transaxial planes at 
a slice thickness of 5  mm, reconstructed from raw data 
1 mm slices, obtained at 120 kVp and a tube current of 
190–260 mA.

The Evans index was calculated from the single 
transaxial image (aligned to the anterior and posterior 
commissures) with the maximum width of the frontal 
horns as: (width of the frontal horns)/(biparietal diam-
eter) [26]. The frontal occipital horn ratio (FOHR) was 
calculated from the transaxial slices with the maximum 
width for each measurement as: (width of frontal horns 
+ width of occipital horns)/(biparietal diameter × 2) [27]. 
The callosal angle was calculated on the coronal image 
perpendicular to the transaxial images at the level of 
the posterior commissure. The CT imaging was further 
semiquantitatively assessed for the presence of dilated 
sylvian fissures, compressed high convexity CSF spaces, 
and cortical focal sulcal dilatation. Dilated sylvian fis-
sures were assessed on coronal images at the central por-
tion of the brainstem. Compressed high convexity CSF 
spaces were assessed on both coronal and the ten most 
cranial transaxial slices. Also, the cranial most slices were 
used to assess for cortical focal sulcal dilatation. All three 
parameters were graded as described in Table  1. The 
DESH score was then calculated according to Shinoda 
et al. (Table 1) [28].

This score assigns 0–2 points to the five components 
of DESH, leading to a composite score of 0–10 points. 
Higher scores represent more severe imaging findings of 
iNPH.

ICP monitoring and data recording
Patients underwent diagnostic ICP monitoring as part 
of routine clinical management. An ICP transducer 
was inserted through a right frontal burr hole (Codman 
microsensor ICP transducer, Codman & Shurtleff, Rayn-
ham, MA, USA) [29]. ICP monitoring was performed on 
a neurosurgical ward for 1 night. The ICP raw data signal 

was digitally sampled using ICM-plus software (Cam-
bridge University, Cambridge, UK). During the study 
period the raw data sampling frequency increased from 
50 to 200 Hz and 1 patient was recorded at 50 Hz, 12 
patients at 100 Hz and 104 patients at 200 Hz. This did 
not influence the frequency analysis of ICP variability, 
which is contained in 0.005–20 Hz. To minimise artefacts 
in the ICP signal only overnight data during the patients’ 
sleep from a 10 h period from approximately 21:00–07:00 
was analysed. Artefacts caused by for example temporary 
disconnection of the ICP probe were manually elimi-
nated after visual inspection of the ICP raw data.

ICP waveform parameters
We used ICM-plus software version 8.3 for the calcula-
tion of the following parameters from the 10-h overnight 
monitoring. For each parameter the average value from 
the 10-h overnight monitoring was used for analysis.

1.	 The mean ICP.
2.	 The heartbeat related ICP pulse pressure amplitude 

(AMP) was calculated from the amplitude of the fun-
damental harmonic in the frequency range of 30–140 
beats per minute (bpm) over 10 s intervals and aver-
aged every 60 s.

Table 1  Calculation of DESH score

DESH, disproportionately enlarged subarachnoid space hydrocephalus; CSF, 
cerebrospinal fluid

Score Definition

Ventricle size

 0  < 0.3 Evans index

 1 0.3–0.35 Evans index

 2  > 0.35 Evans index

Callosal angle

 0  > 100°

 1 90°–100°

 2  < 90°

Parasagittal CSF spaces

 0 Normal

 1 Slight compression

 2 Definitive compression

Sylvian fissure dilatation

 0 Normal

 1 Slight dilatation or unilateral

 2 Bilateral dilatation

Focal cortical sulcal dilatation

 0 Not present

 1 Some present

 2 Many present
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3.	 The RAP-index is a marker of cerebrospinal compen-
satory reserve capacity and indirectly compliance [30, 
31]. It was calculated as the moving Pearson corre-
lation coefficient between 30 consecutive samples of 
ICP and AMP averaged over 10 s. This 5  min time 
window was updated every 60 s. A low RAP indicates 
intact reserve capacity when the physiological slow 
wave fluctuations of ICP do not induce significant 
changes in AMP. Higher RAP suggests depleted com-
pensatory reserve when AMP correlates with slow 
wave ICP oscillations.

4.	 The ICP amplitude of the respiration induced waves 
(RESP) was calculated from the amplitude of the fun-
damental harmonic in the frequency range of 7–30 
bpm over a 120 s time window and updated every 60 
s.

5.	 The amplitude of the slow vasogenic waves of the 
ICP signal (SLOW) was calculated from the square 
root of the power in the frequency range of 0.3–3 
bpm over a 10 min time window updated every 60 s 
[32].

In addition, the ICP raw data was analysed in the 
time domain using Sensometrics software (Sensomet-
rics 4.0.2.4, dPCom A/S, Oslo, Norway). The following 
parameters were calculated:

6.	 The heartbeat related ICP mean pulse pressure wave 
amplitude (MWA): The software algorithm identifies 
the amplitude of each single heartbeat induced pres-
sure wave in the continuous ICP signal (the differ-
ence between diastolic minimum and systolic maxi-
mum pressure). MWA is calculated as the mean ICP 
pulse pressure wave amplitude for consecutive 6  s 
time windows. The software algorithm also identifies 
artefacts and time windows containing less than four 
valid heartbeat induced ICP waves are excluded.

7.	 The rise time coefficient of the ICP pulse pressure 
wave (RTc) was calculated as the ratio of the ampli-
tude over the rise time of each heartbeat induced ICP 
wave for consecutive 6 s time windows.

Statistical analysis
Correlation between selected parameters was calculated 
using non-parametric Spearman correlation coefficient 
with adjustment for multiple comparisons using the Ben-
jamini–Hochberg procedure to control the false discov-
ery rate. We calculated multiple linear regression models 
using a stepwise forward selection method to assess for 
independent explanatory variables of the dependent 
variable. The probability of a type-1 error (α) of 5% was 
accepted as being statistically significant. We used Prism 
software (Version 8.4.2, GraphPad LLC, San Diego, CA, 
USA) and Statistica software (Version 13, Tibco, Santa 
Clara, CA, USA) for statistical analysis.

Results
117 patients undergoing evaluation for iNPH were 
included in this study. The average age was 77.5 ± 6.6 
years. 36 patients were female. The median combined 
Oslo score was 11 (interquartile range (IQR) 9.5–12, 
range 4–14), with the median subscore for gait 3 (IQR 
2–3, range 1–5), for continence 4 (IQR 3–5, range 1–5), 
and for cognition 4 (IQR 3–4, range 2–5).

Table 2 shows the radiological data obtained from 117 
CT scans. The average time between the CT brain used 
for analysis for this study and ICP monitoring was 13 
± 46 days (median—1 day, range—34–270 days).

Figure  2 shows an individual example of typical 10-h 
overnight ICP monitoring and the waveform derived 
parameters AMP, RAP, RESP and SLOW. Table 3 shows 
the ICP waveform characteristics obtained from over-
night monitoring from 117 patients. The duration of 
artefact free ICP data obtained during the 10-h overnight 
monitoring was 594 ± 33 min (range 249–600 min).

Relationship between radiological morphological and ICP 
waveform data
Table  4 shows the correlations between radiological 
morphological parameters and ICP derived parameters. 
The Evans Index and FOHR correlated significantly 
with SLOW. The DESH score showed correlations with 
SLOW, ICP and RESP. The degree of parasagittal CSF 
space compression, dilated sylvian fissures and focal sul-
cal dilatation all correlated with SLOW, parasagittal CSF 

Table 2  Radiological data from 117 patients included in the study

Values are mean ± standard deviation or median and range

FOHR, frontal occipital horn ratio; DESH, disproportionally enlarged subarachnoid space hydrocephalus

Frontal horn width (mm) Biparietal diameter (mm) Occipital horn width (mm) Evans index (AU) FOHR (AU)

51 ± 6 132 ± 6 80 ± 7 0.38 ± 0.04 0.49 ± 0.04

Callosal angle (degree) Sylvian fissure dilatation (score) Parasagittal CSF spaces (score) Focal sulcal dilatation (score) DESH score

81 ± 23 1 (0–2) 0 (0–2) 0 (0–2) 5 (0–10)
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Fig. 2  Typical 10 h overnight recording of ICP, AMP, RAP, RESP and SLOW

Table 3  ICP monitoring data from 117 patients included in the study

Values are mean ± standard deviation

ICP, intracranial pressure; AMP, heartbeat related ICP pulse pressure amplitude calculated in the frequency domain; MWA, heartbeat related ICP pulse pressure 
amplitude calculated in the time domain; RAP: index of cerebrospinal reserve capacity; RESP, amplitude of the respiration related ICP waves; SLOW, amplitude of the 
vasogenic slow ICP waves; RTc, rise time coefficient of the heartbeat related ICP pulse pressure wave

ICP (mmHg) AMP (mmHg) MWA (mmHg) RAP (AU) RESP (mmHg) SLOW (mmHg) RTc (mmHg/s)

4.2 ± 3.8 2.3 ± 0.9 5.9 ± 2.2 0.65 ± 0.15 0.54 ± 0.26 1.60 ± 0.49 25.2 ± 10.6

Table 4  Spearman correlation coefficients (r) between radiological and intracranial pressure derived variables from 117 patients

Values are Spearman correlation coefficients with 95% confidence intervals and p-values with correction for multiple comparisons using the Benjamini–Hochberg 
procedure. Statistically significant correlations are in bold. FOHR, frontal occipital horn ratio; CSF, cerebrospinal fluid; DESH, disproportionally enlarged subarachnoid 
space hydrocephalus; ICP, intracranial pressure; AMP, heartbeat related ICP pulse pressure amplitude calculated in the frequency domain; MWA, heartbeat related ICP 
pulse pressure amplitude calculated in the time domain; RAP, index of cerebrospinal reserve capacity; RESP, amplitude of the respiration related ICP waves; SLOW, 
amplitude of the vasogenic slow ICP waves; RTc, rise time coefficient of the heartbeat related ICP pulse pressure wave

Evans index FOHR Callosal angle Parasagittal CSF 
spaces

Sylvian fissure 
dilatation

Focal cortical 
sulcal 
dilatation

DESH score

ICP (mmHg) r = 0.03
(− 0.15 to 0.22)
p = 0.81

r = 0.02
(− 0.17 to 0.20)
p = 0.90

r = − 0.14
(− 0.32 to 0.05)
p = 0.34

r = 0.29
(0.11–0.45)
p = 0.016

r = 0.16
(− 0.03 to 0.34)
p = 0.23

r = 0.22
(0.04–0.39)
p = 0.08

r = 0.25
(0.07–0.42)
p = 0.037

AMP (mmHg) r = − 0.04
(− 0.22 to 0.15)
p = 0.81

r = − 0.04
(− 0.22 to 0.15)
p = 0.81

r = 0.01
(− 0.09 to 0.28)
p = 0.59

r = − 0.02
(− 0.20 to 0.17)
p = 0.90

r = − 0.09
(− 0.27 to 0.10)
p = 0.65

r = 0.06
(− 0.13 to 0.24)
p = 0.81

r = − 0.05
(− 0.23 to 0.14)
p = 0.81

MWA (mmHg) r = − 0.05
(− 0.23 to 0.14)
p = 0.81

r = − 0.04
(− 0.22 to 0.15)
p = 0.81

r = 0.12
(− 0.07 to 0.30)
p = 0.49

r = − 0.03
(− 0.22 to 0.15)
p = 0.81

r = − 0.06
(− 0.25 to 0.12)
p = 0.81

r = 0.06
(− 0.13 to 0.24)
p = 0.81

r = − 0.04
(− 0.22 to 0.15)
p = 0.81

RAP (AU) r = 0.20
(0.02–0.38)
p = 0.11

r = 0.10
(− 0.08 to 0.28)
p = 0.57

r = − 0.01
(− 0.20 to 0.18)
p = 0.93

r = 0.23
(0.04–0.40)
p = 0.045

r = 0.10
(− 0.08 to 0.28)
p = 0.57

r = 0.13
(− 0.06 to 0.31)
p = 0.39

r = 0.16
(− 0.03 to 0.33)
p = 0.25

RESP (mmHg) r = 0.04
(− 0.15 to 0.22)
p = 0.81

r = 0.03
(− 0.15 to 0.22)
p = 0.81

r = − 0.10
(− 0.28 to 0.09)
p = 0.57

r = 0.17
(− 0.02 to 0.34)
p = 0.21

r = 0.21
(0.02–0.38)
p = 0.11

r = 0.28
(0.10–0.45)
p = 0.016

r = 0.25
(0.06–0.42)
p = 0.038

SLOW (mmHg) r = 0.23
(0.04–0.40)
p = 0.045

r = 0.26
(0.11–0.45)
p = 0.037

r = − 0.18
(− 0.35 to 0.01)
p = 0.20

r = 0.39
(0.22–0.54)
p = 0.012

r = 0.32
(0.14–0.48)
p = 0.012

r = 0.44
(0.28–0.58)
p = 0.012

r = 0.44
(0.27–0.57)
p = 0.012

RTc (mmHg/s) r = 0.03
(− 0.15 to 0.22)
p = 0.81

r = 0.002
(− 0.19 to 0.19)
p = 0.98

r = 0.06
(− 0.13 to 0.25)
p = 0.82

r = 0.05
(− 0.14 to 0.23)
p = 0.82

r = 0.02
(− 0.17 to 0.20)
p = 0.90

r = 0.07
(− 0.10 to 0.27)
p = 0.65

r = 0.06
(− 0.13 to 0.24)
p = 0.81
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space compression also showed correlation with ICP, 
RAP and RESP. There was no statistically significant cor-
relation between AMP or MWA, measuring heartbeat 
related intracranial pulsations, and any of the radiological 
morphological variables. RTc also showed no correlations 
with any of the radiological morphological variables.

The strongest correlations were generally observed 
between SLOW and the various radiological variables, 
particularly with DESH. Figure 3 shows the relationship 
of SLOW versus DESH. Figure 4 shows the relationship 
of SLOW versus the variables measuring ventricle size, 
Evans index and FOHR.

A multiple linear regression analysis was conducted 
using a stepwise forward selection method with the fol-
lowing independent variables: age, ICP, RAP, AMP, RESP, 
and SLOW. The dependent variables were DESH score, 
Evans index, and FOHR. The models were adjusted for 
statistically significant interactions between independent 

variables where required. As a result, three models were 
obtained, two of which were statistically significant. In 
the model with DESH as the dependent variable, after 
adjusting for the interaction between RAP and AMP, 
the model was statistically significant (F(1,115) = 24.5, 
p < 0.0001, adjusted R2 = 0.168). Among the independ-
ent variables, only SLOW was significantly associated 
with DESH (t = 4.950, p < 0.001). Specifically, a 2.1-point 
increase in DESH (95% CI: 1.3–3.0) was observed for 
every 1  mmHg increase in SLOW. In the model with 
Evans index as the dependent variable, after adjusting for 
the interaction between SLOW and AMP, the model was 
statistically significant (F(1,115) = 4.48, p < 0.04, adjusted 
R2 = 0.03), only SLOW retained predictive value (t = 2.12, 
p < 0.04). A 0.02 (CI 95%: 0.001–0.03) increase in Evans 
index was associated with every 1  mmHg increase in 
SLOW. No significant linear regression model could be 
built with FOHR as the dependent variable. When the 
variable selection method was changed from stepwise 
forward to one that included all effects, the model did not 
reach statistical significance (F(7,109) = 1.58, p = 0.15, 
adjusted R2 = 0.03).

The Oslo score and the patients’ age did not show sta-
tistically significant correlations with the radiological or 
the ICP derived variables.

Discussion
This study investigated the association between radio-
logical morphological markers of iNPH obtained from 
CT brain and ICP waveform characteristics obtained 
from overnight monitoring of ICP in 117 patients with 
suspected iNPH. Contrary to our initial hypothesis the 
amplitude of the heartbeat related ICP pulsations meas-
ured with AMP and MWA did not correlate with ven-
tricular size. Interestingly, SLOW was the ICP waveform 
variable most consistently associated with the CT find-
ings and showed the best correlation with Evans index 
and FOHR. Our results hence demonstrate that the mag-
nitude of the ICP slow waves is correlated, albeit weakly, 
with the degree of ventricular enlargement in iNPH.

The strongest correlation in our data was between 
SLOW and DESH. Our results thus further demonstrate 
that the intensity of SLOW is significantly correlated with 
the severity of DESH. SLOW is a measure of the mag-
nitude of the ICP waveform in the low frequency range 
of 0.3–3 bpm. The classic “b-waves” of ICP, as originally 
described by Lundberg at 0.5–2 bpm, are contained in 
this frequency range [33].

Our extended analysis window reflects the evolution of 
the definition of the ICP waves in the low frequency spec-
trum over time [34, 35]. The slow ICP waves are thought 
to be the effect, at least in part, of the cerebrovascu-
lar vasomotor response to slow rhythmic oscillations in 

0 1 2 3 4
0

5

10

SLOW [mmHg]

D
ES

H
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arterial blood pressure, leading to slow changes in cer-
ebral blood volume and hence ICP [36]. Reduced intrac-
ranial compliance will amplify these slow waves, resulting 
in an increase of SLOW. Changes in CSF compensa-
tory reserve, for example as induced during CSF infu-
sion studies, also increase the amplitude of SLOW [37]. 
One can thus assume that SLOW is influenced by both 
cyclic vasogenic components, but also CSF specific com-
ponents and provides some feedback about intracranial 
compliance.

We found statistically significant correlations between 
other ICP waveform components and radiological 
parameters. Whilst these correlations were statistically 
significant, the degree of correlation was often weaker. 
RESP demonstrated a correlation with DESH and some 
of its components. These respiration-induced ICP waves 
have not been investigated in detail, but probably provide 
some assessment of intracranial compliance in a faster 
frequency spectrum than SLOW. RAP weakly correlated 
with parasagittal CSF space compression. Interestingly, 
higher ICP itself, still in a normal range, also correlated 
with DESH and some of its components. We believe that 
all these ICP waveform variables, similar to SLOW, pro-
vide some feedback about intracranial compliance and 
our results suggest that impairments of intracranial com-
pliance, as measured by the different ICP waveform com-
ponents, show some association with the CT findings of 
iNPH.

AMP and MWA theoretically also provide a degree 
of compliance feedback, as they measure the pressure 
response to the heartbeat related increases of intracra-
nial volume. These high frequency measures of compli-
ance derived from the ICP waveform were not correlated 
with the radiological morphological findings in our 
data. This is possibly due to different pathophysiological 
mechanisms behind the pressure–volume response at 
volume challenges of different frequencies of the intrac-
ranial compensatory reserve system. Seminal work by 
Bering, Wilson and Di Rocco from the 1960 s and 1970 s 
indicated that the ICP pulse pressure wave caused acute 
ventricular enlargement in experimental hydrocephalus 
[21–23], however, these models are not fully adequate to 
mimic the processes responsible for the development of 
iNPH. There is also clinical data suggesting that increased 
arterial pulsations might be leading to large ventricles 
[38]. Whilst we found no association between the ICP 
pulse amplitude and ventricle size, we do not believe that 
our results necessarily contradict these earlier findings, 
but highlight that subacute experimental hydrocepha-
lus and chronic iNPH of the elderly represent different 
pathophysiological entities. Other more recent clinical 
research using MRI to measure increases of heartbeat 
related pulsatile CSF flow in the aqueduct did also not 

suggest that this is explaining the ventriculomegaly of 
communicating hydrocephalus [39].

Despite the numerous theories about the mechanisms 
of ventricular enlargement in iNPH we are not aware of 
pathophysiological models explaining the other compo-
nents of DESH, which are steep callosal angle, parasag-
ittal crowding, wide sylvian fissures and dilated sulci. 
Except for callosal angle, we found statistically signifi-
cant correlations between these variables with a number 
of ICP waveform parameters, mainly SLOW, but also 
RESP, RAP, and ICP. As mentioned above, we believe 
that these waveform changes indicate a degree of com-
pliance impairment and our data indicates an association 
between DESH and abnormal intracranial pressure–vol-
ume compensation mechanisms.

It is also a striking feature that the sylvian fissure and 
sulcal dilatation of iNPH seems to occur in proxim-
ity to the large arteries contained in these structures. 
One can hypothesise that the increase of vasogenic slow 
wave oscillations transmitted by these large arteries in 
the presence of age-related impaired compliance and 
increased vascular stiffness might lead to the progressive 
dilatation of their respective fissures and sulci with com-
pression of the brain towards the vertex. This phenom-
enon seems not to be triggered by the heartbeat related 
arterial pulsations, but by the severity of the rhythmic 
vasocyclic oscillations in the slow frequency range. One 
could then also further revisit the role of the choroidal 
artery pulsations in ventricular enlargement, but focus 
on the slow wave frequency spectrum, again assuming 
that the age-related changes of intracranial compliance 
and vascular stiffness affecting slow wave pressure com-
pensation possibly trigger the ventricular enlargement. It 
is nonetheless difficult to put these limited findings into a 
comprehensive pathophysiological explanation for DESH 
and ventricular enlargement, but it might open avenues 
for future research investigating the importance of ICP 
slow wave regulation.

The observed correlations between ICP and CT param-
eters do not imply causation, meaning we cannot assume 
based on these statistically significant correlations that an 
increase of ICP slow wave activity causes DESH or large 
ventricles. It is also possible that SLOW is increased as 
a result of the larger ventricles and not vice versa. We 
possibly also just measured two associated aspects of 
iNPH without a pathophysiological connection. Yet, in 
the regression models SLOW is associated with DESH 
and Evans index, which reveal an association that should 
not be over-interpreted but warrants further investiga-
tion. The observed statistically significant correlations 
between the radiological and ICP parameters were weak 
to moderate only; still, given the vastly different nature of 
the analysed morphological and physiological parameters 
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stronger correlations are seldom observed in this field 
[40].

This study has several other limitations. We used CT 
for the calculation of ventricle size and DESH. Magnetic 
resonance imaging (MRI) provides better soft tissue con-
trast and possibly better spatial resolution for the assess-
ment of these iNPH specific parameters. However, data 
by Kockum et al. suggests that CT provides very similar 
results to MRI for assessing Evans index and the com-
ponents of DESH [41]. Only periventricular white mat-
ter changes are typically better quantified on MRI, but 
did not form part of this study. It is thus unlikely that our 
results would have been significantly different with the 
use of MRI.

The ICP monitoring was done on average 13 days after 
the CT brain, but the median was 1 day prior to the CT 
brain. In 76 patients the scans used for analysis for this 
study were done after the ICP monitoring, often the day 
after ICP probe insertion. The CT was generally obtained 
for intraoperative navigated insertion of the ventricular 
catheter after the indication for VP-Shunt insertion was 
established. It is possible that the surgical intervention of 
the ICP probe insertion might have influenced the radio-
logical morphological findings of iNPH on the analysed 
CT scans.

Despite its invasive nature the monitoring of ICP in 
iNPH generally has a low risk of adverse events [29]. A 
recent review and meta-analysis of diagnostic tests for 
iNPH in fact suggested that ICP waveform analysis is the 
most effective predictor for VP-shunt response [42]. Our 
study, however, was not intended to evaluate the complex 
issue of the predictive value of the analysed variables for 
neurological improvement after VP-Shunt insertion and 
to separate shunt responders from non-responders. We 
were aiming to investigate possible pathophysiological 
mechanisms, revealed by ICP waveform analysis, behind 
ventricular enlargement and DESH and thus did not 
include clinical outcome data in the analysis.

Conclusions
Increased cerebral vasomotion, manifested by SLOW, 
was the main variable correlating with the morphological 
radiological features of iNPH on brain CT. Higher SLOW 
predicted a higher DESH score and larger Evans index. 
Heartbeat related pulsations, as measured by AMP or 
MWA, were not associated with ventricle size or DESH.
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