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Normal pressure hydrocephalus (NPH) is a poorly understood neurodegenerative condition leading 
to gait impairment and ultimately dementia. Prior work has shown larger intracranial volume (ICV) 
among those with NPH which has been taken to establish a link to Benign external hydrocephalus 
of infancy (BEH) as a predisposing factor. These studies have not evaluated brain volume which we 
hypothesize will also be elevated in NPH and account for the increase in ICV. Automated analysis was 
performed on CT head examinations from 305 NPH patients and 294 controls. Brain volume was ~ 4.8% 
larger in females (p < .001) and ~ 2.5% larger in males (p = .003) in NPH compared with controls and ICV 
was ~ 5.2% larger in females (p < .001) and ~ 3.7% larger in males (p < .001) with NPH compared with 
controls. The ratio of brain volume to intracranial volume in NPH versus controls was not significantly 
different for females (p = .4) or males, (p = .08). If BEH is a major cause of NPH this would then require 
that it also results in persistently enlarged brain volumes. Our data suggests large brain size itself is a 
risk factor for NPH and may help account for increased NPH risk among males.

Normal pressure hydrocephalus (NPH) is a highly prevalent and potentially treatable neurodegenerative disease 
leading to gait impairment as well as dementia and incontinence1. The disease was first described by Hakim in 
1964 and brought to wide attention with publication in the New England Journal of Medicine2,3. The prevalence 
of NPH increases with age, reaching 6–9% in those over age 80, with estimates surpassing 700,000 cases in the 
United States and 2,000,000 cases in Europe4 though the disease is unfortunately underdiagnosed5.

The etiology of NPH remains unknown. Bradley and Kreft reasoned that if NPH originated in adulthood 
after the cranial sutures fuse, the intracranial volumes would be like those of their healthy age- and sex-matched 
counterparts and thus took the larger head size in NPH as evidence that it was linked to hydrocephalus earlier 
in life. Prior studies led separately by Bradley and Kreft showing larger head sizes in NPH have been taken to 
suggest that NPH in adults is linked to benign external hydrocephalus of infancy (BEH)6,7. The predominant 
theory for BEH has suggested it to be the result of immature arachnoid villi in infants being unable to resorb 
cerebrospinal fluid (CSF) and maintain balance with CSF production. The resultant mismatch in BEH patients 
causes an accumulation of CSF leading to elevated intracranial volumes at a time when the cranial sutures are 
unfused and head size becomes enlarged8,9. Arachnoid villi are thought to mature by 18 months of age, at which 
point CSF no longer accumulates but head circumference is left markedly increased10. Reversible dural venous 
sinus outflow stenoses has also been suggested as a predisposing factor for BEH11.

The theory linking benign external hydrocephalus with NPH postulates that these patients remain relatively 
asymptomatic until their elderly years, but their earlier condition evidences an inherent deficiency in CSF 
resorption. Bradley et al. proposed the idea of NPH as a “two-hit” disease beginning with benign external 
hydrocephalus in infancy coupled with the onset of senescent changes such as deep white matter ischemia in 
late adulthood that cause the disease to re-manifest12. Counter to this theory is additional clinical research be 
Wilson et al. evaluating the prevalence of enlarged head size in NPH compared with controls which suggested 
that benign external hydrocephalus may serve as the “first hit” in only a small subset of individuals13.
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The purpose of this study is to further evaluate enlarged intracranial volumes of patients by also evaluating 
brain volumes to determine if there is discrepancy as would be expected in the setting of enlarged head size 
related to hydrocephalus from infancy. Benign external hydrocephalus results in elevated CSF and intracranial 
volumes as seen in NPH but it is not known if this could account for an elevation in brain volume. In this work 
we evaluate the hypothesis that there is a concordant increase in brain volumes and head size between NPH 
patients and controls.

Results
Demographic information for our cohort is shown in Table 1.

After age and sex matching, the control and NPH groups showed no significant difference in sex (T- test 
p = .11). The mean age was statistically slightly different with mean control age being 1.8 years younger than for 
NPH (T-test, p = .0004). Outcome of multiple linear regression analysis of the entire sample for determinants of 
ICV and Brain volumes and Brain/ ICV ratio with Sex, Age, and NPH status as predictors is shown in Table 2. 
Both intracranial volume (ICV) and Brain volume were significantly larger in NPH versus control (p < .0001) 
but Brain/ICV ratio did not reach significance (p = .06). Results for linear regression stratified by sex and with 
adjustment for age are shown in Table 3. Briefly, intracranial volume for patients with NPH was ~ 5.2% larger in 
females and ~ 3.7% larger in males than that seen in controls. Brain volume was also ~ 4.8% larger in females and 
~ 2.5% larger in males in NPH compared with controls. The ratio of brain volume to ICV was not statistically 
significant overall but there was a sex difference with suggestion towards a trend among males.

Observed values for ICV, brain volumes and brain/ICV ratio were found to be identical to age adjusted means 
to 3 significant digits; these observed values and are shown in Fig. 1. This showed was a slightly larger increase 
in brain volumes for females with versus without NPH at 0.05 compared with the difference for men at 0.03.

Discussion
Our study confirmed our hypothesis and showed that brain volumes as well as ICV is enlarged among a large 
(n = 305) cohort with NPH (p < .001) and that the ratio of Brain volume to ICV is not significantly different. This 
study add important information to prior influential works led by Bradley and Kraft in smaller cohorts which 
had previously found enlarged head size and ICV in NPH and had used this to establish a link between NPH 
and BEH6,7. These studies were not able to measure brain volumes, which have not yet been established to also 
be enlarged in BEH patients into adulthood.

Our findings have important implications for interpreting the findings in prior NPH studies by Bradley 
and Krefft which have had a significant impact on our understanding of the disease. Based on increased ICV 

Female (N = 235) Male (N = 364)

Control
(n = 125)

NPH
(n = 110)

Control
(n = 169)

NPH
(n = 195)

Mean Std Error Mean Std Error Prob Mean Std Error Mean Std Error Prob

ICV (liter) 1.16 0.009 1.22 0.010 < 0.0001 1.34 0.009 1.39 0.009 < 0.0001

Brain (liter) 1.03 0.008 1.08 0.009 < 0.0001 1.20 0.008 1.23 0.008 0.0025

Brain/ICV 89.0% 0.4% 88.3% 0.4% 0.36 89.5% 0.3% 88.2% 0.3% 0.079

Table 3.  Mean differences for NPH versus control stratified by sex.

 

ICV (liter) Brain (liter) Brain/ICV

Estimate Std Error Prob Estimate Std Error Prob Estimate Std Error Prob

Female -0.1766 0.0097 < 0.0001 -0.1561 0.0085 < 0.0001 0.02% 0.36% 0.965

Age 0.0003 0.0006 0.609 -0.0022 0.0006 < 0.0001 -0.19% 0.02% < 0.0001

NPH 0.0570 0.0095 < 0.0001 0.0419 0.0084 < 0.0001 -0.67% 0.36% 0.059

Table 2.  Multiple linear regression analysis for determinants of intracranial volume (ICV), brain volume and 
brain/ ICV ratio by NPH status with adjustment for age and sex. Significant values are in bold.

 

Total
(N = 599)

NPH
(N = 305)

Control
(N = 294)

Age (Y) 75.0 ± 7.6 75.9 ± 6.9 74.1 ± 8.2

Sex

Male 364 (61%) 195 (64%) 169 (57%)

Female 234 (39%) 110 (36%) 125 (43%)

Table 1.  Cohort characteristics, as mean and standard deviation for age and number and percentile for sex.
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among those with NPH, these studies have been widely touted as supporting BEH in infancy as an important 
risk factor for development of NPH later in life. These studies helped establish the theory of NPH as being a 
“two-hit” disease, beginning with BEH coupled with the onset of deep white matter ischemia in late adulthood12. 
This theory suggests the presence of an innate deficiency in CSF resorption manifests in infancy as benign 
external hydrocephalus and later in life, with a second hit from accumulation of age-related microvascular 
insults, results in NPH. This theory has had important implications for directing research efforts to identify 

Fig. 1.  Distribution of Intracranial Volume (ICV), Brain Volume, and Brain / ICV ratio for Control versus 
NPH stratified by sex.
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underlying mechanisms. The enlargement of brain volumes congruent to head size amongst patients with NPH 
is an important observation. Work is now needed to determine if brain volumes remain elevated in patients with 
BEH to determine if there is plausible link between BEH and NPH.

There is some support in the literature for a possible persistent increase in brain volumes in BEH. Bateman 
has proposed venous outflow stenoses to be a risk factor for the development of benign external hydrocephalus. 
A 10-year review of MRI findings in children with suspected idiopathic intracranial hypertension by Bateman 
et al. in 2020 points out a 9% increase in brain volume amongst patients at risk for idiopathic intracranial 
hypertension14. Venous outflow stenoses has been a known contributor to intracranial hypertension. If 
venous outflow stenoses is a factor contributing to the development of both pediatric idiopathic intracranial 
hypertension and benign external hydrocephalus, it is possible that both diagnoses may lead to elevated brain 
volumes. If infants with benign external hydrocephalus do, in fact, have enlarged brain volumes persisting into 
late adulthood, our findings agree that such patients would be at risk for developing NPH. As evidenced by 
this observation, it is important to keep in mind the many potential sources which may lead to elevated brain 
volumes.

Even if brain volumes do not also remain elevated in patients with BEH there would remain a possible link to 
pediatric hydrocephalus among a subset of those with NPH as has been suggested in clinical studies by Wilson et 
al.13. While we found that the ratio of brain volume to ICV is not significantly different overall, there is a possible 
trend (p = .06) which further analysis showed to be primarily among men (p = .08) compared with women 
(n = .4). This is intriguing as BEH is seen primarily in males15 and may therefore support continued exploration 
of links with NPH among a subset, as has been suggested from the prior work by Wilson et al. It should be noted, 
however, that other processes may also account for differences in ICV discordant from brain volume. Recent 
work has challenged the presumption of fixed ICV in adulthood16. Other dementias such as Alzheimer’s disease, 
which may co-exist with NPH, have also been linked to increased ICV, particularly in males17. Longitudinal 
analysis may likely be required to distinguish between these potential causes.

An intriguing possibility from our study is that enlarged brain volume itself (with concordant increase in 
head size) may be a risk factor for NPH. This may help explain the increased risk of NPH among men; brain 
volumes and head size are larger among males, predominantly related to a corresponding increase in height18. 
Further, more than 10% of women in our control sample had brain volumes of 0.9 L or less but none of the 
women with NPH (or any of the men in either the control or NPH groups) had brain volumes of this size. A 
recent study found evidence for inherited risk for NPH implicating the presence of genetic factors19 which may 
potentially be associated with or cause differences in brain volume. Further work is needed to evaluate how 
larger brain volumes are linked with the development of NPH and how these may relate to genetic risk and the 
increased prevalence among men.

The study acknowledges a few limitations. As a cross sectional study we establish correlations but cannot 
establish causality. Larger brain volumes were seen in NPH, but this may be due to other linked factors we have 
not evaluated. While we attempted age matching, due to differences in our available control group, we were 
left with a slight but statistical difference of 1.8 years and as a result we therefore also adjusted for age in our 
statistical analysis. Finally, brain volumes and ICV vary depending on imaging modality and small differences 
are to be expected when comparing our values to those obtained from MRI20. This does not detract from the 
validity of the differences we observe here where only CT are used.

In conclusion, our findings demonstrate a concordant elevation of both brain and intracranial volumes 
among patients with NPH compared to healthy controls. This adds important new information to a common 
theory attributing increased head size seen in NPH to Benign External Hydrocephalus of infancy earlier in 
life, as this has not yet been established to result in increased brain volumes into adulthood. Our data raises 
the intriguing possibility that large brain size itself may be a risk factor for NPH and offers insights higher 
susceptibility for NPH among males.

Methods
This study was approved by the St. Joseph’s Hospital and Medical Center - Dignity Health Institutional Review 
Board (IRB), NUMBER: PHX-22-500-120-30-04, first approved Aug. 2021. As a low-risk retrospective study 
we were granted a waiver of informed consent by our IRB to conduct this study using a deidentified dataset. All 
methods were carried out in accordance with relevant guidelines and regulations.

Cohort
We evaluate a cohort of 599 with 294 control patients and 305 NPH patients. Patients with probable NPH from 
our Normal Pressure Hydrocephalus Clinic who showed objective improvement on gait testing following a tap 
test and that had pre-operative CT WAND studies between the dates of January 2015 and January 2022 were 
included. Further, patients included in this cohort are presumed to have idiopathic NPH based on absence of 
history and of imaging findings for other known causes of hydrocephalus such as prior hemorrhage, major 
traumatic brain injury, or known congenital abnormality. Our clinic has established guidelines for the diagnosis 
of probable NPH in accordance with American Academy of Neurology guidelines21 and the international 
guidelines proposed by Relkin1. In addition to utilizing a combination of patient features, exclusion of other 
diagnoses and pertinent imaging findings, this also includes responsiveness on objective gait testing following 
CSF tap-test21. Each patient undergoing a CSF tap test undergoes an objective gait measurement exam 4–10 days 
prior to the tap test. On the day of the tap test, fluoroscopic guidance is utilized to remove 30 ml of CSF. The 
patient is re-tested using the same set of gait measurement exams following the removal of CSF. Only patients 
who experienced responsiveness on objective gait measures were included in this study as probable NPH. On 
follow-up after shunting, included patients reported symptomatic improvement.
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Controls were drawn from patients presenting to the emergency department with headache who had CT 
head exams performed with thin bone algorithm slice which were interpreted as negative. Age and sex matching 
were performed among a pool of 596 available controls, but perfect matching was not completely possible as 
discussed in the results and with statistical adjustment for age and sex described in the statistics section. History 
of previous large-territory infarct, neoplasm, or significant trauma were excluded from the control group.

CT imaging and analysis technique
The head CT image technique for the included patients was a non-contrast head CT with 1.2 mm slice thickness 
images obtained using the high spatial frequency bone algorithm which was routinely available from all our CT 
head images from the emergency department and for surgical planning. NPH patient CT images were acquired 
following a successful lumbar puncture test as part of surgical planning for shunt placement. Control patient CT 
images were acquired as part of an institution-wide emergency department protocol.

The automated image analysis for both NPH patients and control patients was identical. DICOM images 
were anonymized and converted to NIFTI imaging format using MRIcroGL (freely available for download 
at www.nitrc.org). Image analysis was then performed using the Functional Magnetic Resonance Imaging 
of the Brain Software Library, typically referred to as FSL22, by modifying routines previously published for 
analysis of CT head images23,24. The process started with initial image reorientation and resampling to generate 
isotropic images of standard voxel sizes. Following denoising, bone and fat were removed using Hounsfield Unit 
thresholding. FSL’s Brain Extraction Tool25 was used to isolate intracranial contents. Image cleanup, minimizing 
attenuation differences about the skull base, was performed using the restore output of the FMRIB’s Automated 
Segmentation Tool26. CSF and Brain tissue masks were obtained using further thresholding with a Hounsfield 
Unit threshold of 20 based on empirical review for accuracy using masks overlayed on the CT images by an 
experienced neuroradiologist. Intracranial, brain, and CSF volumes were derived.

Statistical analysis
Analysis was performed using JMP version 17 (SAS, North Carolina). Statistical significance was set at 0.05 using 
two tailed tests. Differences in age and sex between our control and disease (NPH) cohort were evaluated with 
T-tests. Multiple linear regression was performed to evaluate influence of NPH status on intracranial volume, 
brain volume, and brain to intracranial volume ratio with adjustment for age and sex. Female Sex and NPH were 
coded as numeric dummy variables of 1 with Male Sex and Control coded as 0. Mean differences for NPH versus 
control were then evaluated stratified by sex with adjustment for age using linear regression.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to the guidelines 
of our IRB for retrospective analysis of patient data with waiver of informed consent. We are happy to provide 
our code on request so that our findings can be replicated on other datasets. Please contact the corresponding 
author Kevin King at Kevin.King@BarrowNeuro.org.
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