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MRI imaging characteristics of
brainstem and midbrain aqueduct
in patients with INPH
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Idiopathic normal pressure hydrocephalus (iNPH) is frequently difficult to diagnose due to the absence
of specific symptoms, yet early detection and surgical intervention are essential for preventing sequela
such as irreversible dementia. This study explores the specific magnetic resonance imaging (MRI)
features of the brainstem and mesencephalic aqueduct in patients with iNPH. Head MRI data of 50
iNPH patients and 30 healthy matched controls were compared for mesencephalic aqueduct length,
diameter, and angle, structural features of the brainstem at the sagittal plane, brainstem component
volume ratios, angle between the brainstem and spinal cord, and the area and morphology of the
pontine cisterns. Compared to healthy individuals, iINPH patients exhibited significant dilation of the
mesencephalic aqueduct diameter, a reduced aqueduct angle, and a decrease in the sagittal plane area
of the brainstem, with the most pronounced reduction in the midbrain region. Notably, the CSF spaces
surrounding the brainstem were dilated, resulting in the prepontine cistern presenting a *hammer-
like” shape on the sagittal plane. The prevalence of this hammer shape was positively correlated with
prepontine cistern area in patients with iNPH. These unique imaging characteristics may facilitate the
clinical recognition of iNPH for early diagnosis and treatment.

Keywords Idiopathic normal pressure hydrocephalus, Characteristic imaging indicators, Mesencephalic
aqueduct, Brainstem volume ratio, Prepontine cistern, “Hammer” shape.

Normal pressure hydrocephalus (NPH) is a form of communicating hydrocephalus in which the ventricles are
enlarged but the cerebrospinal fluid (CSF) pressure is within the normal range (70-200 mmH,0)". According
to etiology, NPH can be classified as secondary (sNPH) or idiopathic (iNPH). While both forms lack highly
specific neurological symptoms, those of sSNPH appear after an injurious event such as cranial trauma, cerebral
hemorrhage, subarachnoid hemorrhage, or intracranial infection, so clinical diagnosis is usually uncomplicated.
In contrast, the differential diagnosis of iNPH is more difficult’ as symptoms overlap with diseases such as
Parkinson’s disease and Alzheimer’s disease, and there are no known characteristic imaging findings for iNPH.
Furthermore, iNPH is more common among the elderly and in fact is the most common form of hydrocephalus
in this age group®. Timely diagnosis is essential because the clinical manifestations of iNPH and resulting sequela
such as dementia can be improved through surgery. Indeed, iNPH-associated dementia is currently the only
form that can be treated by surgery’. Surgery should be performed immediately upon clinical diagnosis for
optimal outcome*®, highlighting the importance of early diagnosis.

The main clinical symptoms of iNPH are gait disturbance, cognitive impairment, and urinary incontinence
(termed Hakim'’s triad), of which unsteady gait is often the primary symptom®!°. In addition, neuroimaging
may reveal moderate enlargement of the ventricular system (Evan’s index> 0.3), but ventricular enlargement
is generally non-obstructive as indicated by near-normal intracranial pressure. While the anterior horns of
the lateral ventricles are often “blunted” in iNPH, this morphological feature may also be observed in healthy
individuals. Further, cerebrospinal fluid (CSF) contents are normal in iNPH.

Given this non-specificity of clinical signs and symptoms, there is currently no reliable noninvasive method
for the diagnosis of INPH on presentation; rather, diagnosis most often relies on symptom abrogation following
CST-TT, continuous CSF drainage, or shunt surgery performed based on clinical suspicion. In fact, many
clinicians believe that clinical improvement after shunt surgery is the “gold standard” for diagnosis'!. Before
patients undergo shunt surgery, a CST-TT or continuous CSF drainage is usually required, both of which are
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invasive and carry infection risk. Moreover, these invasive procedures still do not provide rapid and definitive
presurgical diagnosis.

A potential alternative for differential diagnosis is to identify neuroimaging signs specific for INPH. Imaging
examinations have become increasingly important for the diagnosis of iNPH, the post-shunt response, and
prognosis'>!3. Ventricular enlargement is the most reliable imaging manifestation of iNPH and can be detected
using a number of imaging metrics, including Evan’s index (EI), corpus callosum angle (CA), corpus callosum
height (CH), temporal angle diameter (THW), area of central lateral ventricle (CLV), and supraventricular
tissue width (SVW). Among these, the EI, CMW, disproportionate ventricular enlargement (CCD), and THW
have demonstrated strong diagnostic ability'*~'7. Several studies have also reported that intracranial volume can
predict changes in cognitive function post-surgery'®!. In addition to morphological changes of the forebrain
and lateral ventricles, INPH may alter imaging manifestations within the midbrain and brainstem. Such changes
could be essential predictors of outcome as these regions mediate life-sustaining regulatory functions, motor
and sensory conduction from forebrain to spinal cord, sleep and wakefulness cycles, reflex activity, cranial nerve
activity, emotional and behavioral regulation, muscle tension and posture control, coordinated eye movement,
and language and cognitive functions.

In addition to the aforementioned clinical manifestations, patients with iNPH may experience atypical
manifestations such as dizziness, headache, vertigo, hearing loss, sleep disorders, hyposmia, and personality
changes. However, whether these atypical manifestations are related to changes in midbrain or brainstem
structure requires further study. At present, studies on midbrain and brainstem abnormalities in iNPH have
focused mainly on the flow and flow rate of the cerebral (mesencephalic) aqueduct!?*-26. For example, Maeda
et al.2! found CSF flow voids in iNPH, but Wei et al.?” reported that aqueduct flow vacancies are not a useful
indicator for iNPH diagnosis. Alternatively, Bradley et al.?® reported that increased CSF flow in the aqueduct
was associated with a good shunt response, a finding helpful for both diagnosis and patient selection prior to
surgery. However, Ringstad et al.?’ reported that the aqueduct stroke volume did not reflect intracranial pressure
pulsatility or symptom score but rather aqueduct area and ventricular volume, suggesting that aqueduct stroke
volume is not a good metric for the prognosis of shunt surgery. Therefore, the relevance of these findings for
diagnosis and prognosis are uncertain. Furthermore, most studies on brainstem manifestations of iNPH have
not included quantitative morphological evaluations.

To identify non-invasive imaging signs for more reliable iNPH diagnosis and improved clinical decision-
making, we conducted comprehensive qualitative and quantitative magnetic resonance imaging (MRI)
examinations of the brainstem and cerebral aqueduct in patients and matched healthy controls.

Research objects and methods

General information

A cross-sectional analysis was conducted from September 2021 to April 2024 on 50 patients with iNPH
admitted to West China Hospital of Sichuan University, Mianyang Central Hospital, or the Third Affiliated
Hospital of North Sichuan Medical College (35 males, 15 females, age 62-89 years, mean age 74.58 +7.39
years) and 30 healthy controls (20 males, 10 females, aged 61-88 years, mean age of 73.20+7.47 years). All
participants received thin-section (<1.0 mm) MRI examinations using 1.5-T or 3.0-T scanners. The images
were reconstructed at a postprocessing center, then subjected to morphometric analyses by the study authors
using 3D Slicer software (slicer.org). In the patient group, these processing and analysis steps were completed
before CST-TT and surgical intervention. The study protocol was approved by the Institutional Review Board of
West China Hospital, Sichuan University (approval number: 2023 (442)), and all procedures were performed in
accordance with the Declaration of Helsinki (2013 version) and the Ethical Review Measures for Life Sciences
and Medical Research Involving Human Beings issued by the China Science and Technology Ethics Committee.
All participants provided written informed consent prior to examination and treatment.

Inclusion and exclusion criteria for patients with iNPH and healthy controls.

Preset inclusion criteria for patients were as follows: (i) age > 60 years in accordance with the 2022 Chinese
Clinical Management Guidelines for Idiopathic Normal Pressure Hydrocephalus, (ii) clinical manifestations
including at least one of gait disturbance, cognitive impairment, or urinary incontinence, (iii) cranial CT or MRI
indicating ventricular enlargement (EI>0.3 or zEI >0.42), (iv) lumbar puncture upon admission indicating
an intracranial pressure <200 mmH,0), (v) no CSF abnormalities, (vi) clinical symptom improvement among
patients with positive lumbar puncture test results receiving surgical treatment, (vii) height between 150
and 175 cm and weight between 50 and 70 kg, and (viii) MRI conducted prior to the CSF tap test or surgical
intervention. Exclusion criteria were as follows: (i) not meeting the aforementioned inclusion criteria, (ii)
secondary hydrocephalus, (iii) definitive diagnosis of Parkinson’s disease, Alzheimer’s disease, or progressive
supranuclear palsy, (iv) presenting with other acute conditions, and (v) contraindications for MRI examination.

The inclusion criteria for healthy control participants were as follows: age>60 years, absence of clinical
symptoms, no underlying medical conditions, and height between 150 and 175 cm and body weight approximately
50-70 kg. Exclusion criteria were not meeting the abovementioned inclusion criteria, unwillingness to
participant, and contraindications to MRI.

Multimodal magnetic resonance imaging

Multimodal magnetic resonance images were acquired using 1.5-T and 3-T systems equipped with a head
coil (vendors and models listed in Table 1). The protocols and sequence parameters are shown in Table 2. For
primary localization of brainstem structures, sagittal T1-weighted (T1W) images were first acquired with a clear
depiction of the cerebral aqueduct as the region of interest (ROI). Subsequently, three-dimensional thin-slice
scans (<1.0 mm) brainstem region were acquired in the coronal, sagittal, and axial planes using the ROI as a

Scientific Reports |

(2025) 15:94 | https://doi.org/10.1038/s41598-024-83874-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Study site MRI vendor and model | Type of head coil | Field of view | GDR | Rel. SNR (%)
Santai People’s Hospital GE Signa HDi 1.5T 8-channel head coil | 256 %256 <5% | 100%
Mianyang Central Hospital SIEMEN Skyra 3.0T MRX | 8-channel head coil | 256 X256 <5% | 141%
West China Hospital of Sichuan University | SIEMEN Skyra 3.0T MRX | 8-channel head coil | 256 %256 <5% | 141%

Table 1. Magnetic resonance imaging system vendors and models. GDR, geometric distortion rate; SNR,
signal-to-noise ratio.

1.5-T MRI TR |TE |ETL |FA | Thk | FOV | slices
OAX T2 3720 | 102 |18 - 6 240 |20
OAX T1 FLAIR 1750 | 24 10 - 6 240 |20
OAX T2 FLAIR 8400 | 155 | - - 6 240 |20
OSag T1 FLAIR 1750 | 24 10 - 5 240 |20
Ax 3D-FIESTA - Min | - 60 1 180 | 128
OSag 3D-FIESTA | - Min | - 60 1 180 | 128
3.0TMRI TR |TE |ETL |FA | Thk | FOV | Slices
OAX T2 4250 | 100 |18 150 |6 200 |21
OAXT1 FLAIR 240 | 246 |10 70 5 230 |21
OAX T2 FLAIR 5000 | 102 |- - 6 240 |22
OSag T1 FLAIR | 200 |24 |10 70 5 240 |20
Ax 3D-FIESTA - Min | - 60 1 180 | 129
OSag 3D-FIESTA | - Min | - 60 1 180 | 129

Table 2. Protocols and sequence parameters for 1.5T and 3.0T MRI examinations. Thk: slice thickness.

reference. Then, multi-planar reconstruction, image registration, and image segmentation techniques were used
to construct image models of the brainstem and CSF spaces.

Data measurement and processing

All images were converted to DICOM format and imported into 3D Slicer for constructing a model including the
mesencephalic aqueduct, brainstem (midbrain, pons, medulla), and periventricular CSF spaces. Measurements
included cerebral aqueduct diameters at the third ventricle, constriction junction, and fourth ventricle, total
aqueduct length and junction angle, morphological features of brainstem and sagittal plane areas of brainstem
components and CSF spaces, various area ratios, and the angle between the brainstem and spinal cord.

Mesencephalic aqueduct measurement.

The mesencephalic (cerebral) aqueduct opens posteriorly at the back of the third ventricle and extends
downwards to the opening of the fourth ventricle, passing through the periaqueductal gray matter of the midbrain.
It is generally arc-shaped, and can be divided into an anterior upper segment oriented more horizontally and
a posterior lower segment oriented more vertically that form a distinct angle at a junction located between the
superior and inferior colliculi. The posterior segment is also wider in diameter than the upper segment.

Measurements were conducted systematically in the following steps. First, DICOM-formatted images were
imported into the 3D Slicer software and the “Markups” function was used to delineate the approximate shape
of the cerebral aqueduct on the “OSag 3D-FIESTA” sequence images (Fig. 1a). The diameters at the opening
of the third ventricle, the site of stenosis (typically located 3-4 mm from the surface of the cardiac apex), and
the opening of the fourth ventricle (Fig. 1b) were measured. Concurrently, the “Link slice views” feature of 3D
Slicer was used to automatically align the “OSag 3D-FIESTA” sequence images with the axial plane images,
where the diameter of the cerebral aqueduct was measured again on the axial images (Fig. 1c), ensuring that
the measurements obtained in the sagittal and axial planes were consistent. Then, the length of the cerebral
aqueduct was measured on the “Sag 3D-FIESTA” sequence images (Fig. 1d). Finally, the angle between the
anterior-superior segment and the posterior-inferior segment of the cerebral aqueduct was measured (Fig. le).

Brainstem measurements

The brainstem is an irregular cylindrically shaped structure located beneath the cerebrum and connected
rostrally to the diencephalon and caudally to the spinal cord at the foramen magnum. It consists of three major
divisions, the midbrain, pons, and medulla oblongata. For quantitative measurements, a line (Line A) was drawn
through the superior aperture of the pons to the inferior edge of the quadrigeminal plate and a second line (Line
B) was drawn parallel to the first line but passing through the inferior aperture of the pons. A third line was
drawn along the foramen magnum and defined as Line C (Line C) (Fig. 2a). The midbrain area was calculated
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Fig. 1. Analysis of mesencephalic aqueduct morphology on magnetic resonance images of the brainstem.

(a) Borders of the mesencephalic aqueduct in the mid-sagittal plane. (b) Diameters of the mesencephalic
aqueduct at the rostral opening with the third ventricle, constriction, and termination at the fourth ventricle.
(c) Measurement of these same aqueduct diameters in the axial plane using the automatic linkage feature of
3D Slicer. (d) Length of the mesencephalic aqueduct. (e) Angle between the anterior upper and posterior lower
segments of the mesencephalic aqueduct. Segments are separated by the constriction (as shown in b).

b c d

Fig. 2. Analysis of brainstem areas in the sagittal plane containing the mesencephalic aqueduct. (a) Upper
and low boundaries of the brainstem. Line A passes through the superior cerebellar peduncle (upper limit of
the pons) and the lower edge of the quadrigeminal plate, while Line B is parallel to Line A and passes through
the inferior cerebellar peduncle (lower limit of the pons). Line C is drawn along the foramen magnum (lower
limit of the medulla). (b) Midbrain area above Line (A) (c) Pontine area between Lines A and (B) (d) Total
brainstem area.

as the area above Line A excluding the quadrigeminal plate (Fig. 2b), the pontine area as the area between the
anterior and posterior edges of the pons and between Lines A and B (Fig. 2¢), and the brainstem area as the sum
of the midbrain, pons, and medulla oblongata areas (up to the foramen magnum line) (Fig. 2d). The midbrain,
midbrain plus pons, and midbrain plus pons plus medulla oblongata areas were measured in the sagittal plan
including the aqueduct to calculate the indicated ratios.

Midbrain area ratio
The relative size of the midbrain area was calculated as

midbrain area/(midbrain area + pons area)] x 100% (1)

The measurement of the sagittal plane area of the midbrain was in the same plane as the measurement of the
midbrain aqueduct.
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Measurement of brainstem and spinal cord angle

The angle between the brainstem and spinal cord was measured as the intersection angle of the brainstem and
spinal cord middle tangents passing through the plane of the cerebral aqueduct (Fig. 3), where AB is the line
along the foramen magnum, CD is the midline of the brainstem, EF is the midline of the spinal cord, and ZA is

the angle formed by the intersection of lines CD and EE

Fig. 3. Diagram of pons-medulla angle. AB line: Line of the foramen magnum; CD line: Midsagittal axis of
brainstem; EF line: Midsagittal axis of spinal cord; Angle A: Angle at CD-EF intersection.
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Brainstem peri-cistern measurement

The brainstem pericistern refers to the CSF space formed around the brainstem, and is primarily an
amalgamation of the interpeduncular, prepontine, pontocerebellar, pre-medullary, cerebellomedullary, occipital,
and quadrigeminal cisterns (Fig. 4a). In longitudinal sections, this region mainly includes the interpeduncular,
prepontine, and medullary cisterns (collectively called the prepontine cistern) (Fig. 4b), the mesencephalic
aqueduct, fourth ventricle, and cerebellomedullary cistern. The lower edge is bounded by the foramen magnum.

Volume ratio of brainstem and peribrainstem cisterns
The brainstem-to-cistern volume ratio (BVR) was defined as the ratio of brainstem sagittal section area to
peribrainstem cistern sagittal section area or.

brainstem sagittal plane area/peribrainstem cistern area x 100% (2)

Statistical analyses

All image-derived measures and participant characteristics were compared using SPSS software version 27.
Shapiro-Wilk test was used to test for normality. Continuous variables are reported as mean + standard deviation
(SD) and categorical variables as [number (%)]. Continuous variables were compared between patient and
healthy groups by independent samples t-tests and categorical variables by chi-squared tests. A P<0.05 (two-
tailed) was considered statistically significant for all tests. The sensitivity and specificity of imaging parameters
for diagnostic applications were evaluated using receiver operating characteristic (ROC) curve analysis.

Measurement results

General data results

The iNPH patient group and healthy control group did not differ in men age, sex ratio, height, or body weight
(all P>0.05) (Table 3).

Measurement of mesencephalic aqueduct

Participants from the three hospitals had aqueduct diameters, lengths, and angles that were normally
distributed, and there were no significant differences in the mean diameters, lengths, or angles of the aqueducts
(all P>0.5) (Table 4). There were no significant differences in mean aqueduct diameter, length, and angle
among participants from the three hospitals (all P> 0.5) (Table 5). Similarly, there were no significant pairwise
differences in aqueduct length between total iNPH and healthy control groups (P> 0.05) (Table 6). However, all
three aqueduct diameters were larger in patients with iNPH than healthy individuals (all P<0.05) (Table 7) and
the angle between segments was reduced (or the curvature was more pronounced) in the patient group than the
healthy group (P <0.05) (Table 8).

Brainstem measurements

In patients with iNPH, total brainstem area (comprising midbrain, pons, and medulla) at the sagittal plane
including the cerebral aqueduct was significantly reduced compared to healthy individuals (P <0.05) due to a
particularly significant reduction in absolute midbrain area (P <0.001) (Table 9) and proportional midbrain area

a b

Fig. 4. Ilustration of cisternal spaces surrounding the brainstem. (a) The total cisternal space is composed
primarily of the interpeduncular, prepontine, medullary, and cerebellomedullary cisterns. The cerebral
aqueduct and fourth ventricle are also shown. (b) Prepontine cistern in sagittal cross-section resembling a
hammer.
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Santai People’s Hospital 0.961 15 0.705
Age of patients with iNPH Mianyang Central Hospital 0.897 15 0.185
West China Hospital of Sichuan University | 0.941 15 0.401
Santai People’s Hospital 0.939 15 0.368
Height of patients with iNPH | Mianyang Central Hospital 0.949 15 0.508
West China Hospital of Sichuan University | 0.912 15 0.144
Santai People’s Hospital 0.931 15 0.275
Weight of patients with iNPH | Mianyang Central Hospital 0.838 15 0.122
West China Hospital of Sichuan University | 0.879 15 0.463

Age (years) 74.58+7.39 7320+7.47 |0.768 0.449
Sex (male: female) 35:15 20:10 —1.533 0.136
Height (cm) 158.53+6.76 156.03+6.55 | 1.516 0.140
Weight (kg) 58.73+8.63 58.70+6.96 | 0.017 0.987

Table 3. The normal distribution of population data among various hospitals and demographic characteristics
of iNPH and healthy groups.

Santai People’s Hospital 0.891 15.000 0.070
Mesencephalic aqueduct length (mm) in Patients with iNPH Mianyang Central Hospital 0.945 15.000 0.443
West China Hospital of Sichuan University | 0.847 15.000 0.157
Santai People’s Hospital 0.955 15.000 0.606
Diameter at the opening of the mesencephalic aqueduct (mm) in Patients with iNPH | Mianyang Central Hospital 0.775 15.000 0.180
West China Hospital of Sichuan University | 0.914 15.000 0.158
Santai People’s Hospital 0.719 15.000 0.403
Mesencephalic aqueduct angle in Patients with iNPH Mianyang Central Hospital 0.974 15.000 0.907
‘West China Hospital of Sichuan University | 0.898 15.000 0.088

Table 4. Normal distribution tests for the mesencephalic aqueduct in iNPH patients across three hospitals.

Santai People’s Hospital & Mianyang Central Hospital 19.18+2.31 —0.576 0.574 2.194+0.49 —0.408 0.689
Santai People’s Hospital & China Hospital of Sichuan University 19.60+2.43 | —1.074 0.301 2.26+0.37 —-1.103 0.289
Mianyang Central Hospital &West China Hospital of Sichuan University | 19.79+1.87 | —0.352 0.730 2.33+0.30 —0.749 0.466

Santai People’s Hospital & Mianyang Central Hospital 1.45+0.27 -1.322 0.208 3.10+0.73 1.31 0.211
Santai People’s Hospital & China Hospital of Sichuan University 1.58+0.25 -1.771 0.098 2.78+0.56 —0.083 0.935
Mianyang Central Hospital &West China Hospital of Sichuan University | 1.59 +0.24 —-0.38 0.709 3.08+0.82 —-1.312 0.211
Santai People’s Hospital & Mianyang Central Hospital 123.41+8.33 | —0.304 0.765
Santai People’s Hospital & China Hospital of Sichuan University 124.50+£9.36 | —1.6 0.131
Miz}nyapg Central Hospital & West China Hospital of Sichuan 12678+4.19 | —0911 0377
University
Table 5. Comparison of mesencephalic aqueduct measurements among iNPH patients treated at different
hospitals.
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Group Length (mm) | t-value | P-value | Paired t-value | Paired P-value

Patients with iNPH | 19.50+2.20 52.602 | <0.001
—0.428 0.672

19.63+1.88 57.226 | <0.001

Healthy subjects

Table 6. Mesencephalic aqueduct length in total patient and healthy control groups.

Group Opening diameter (mm) | t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 2.22+0.38 40.87 <0.001

2.303 0.029
Healthy subjects 1.98 +0.42 2599 | <0.001
Group Stenosis (mm) t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 1.56+0.32 35.00 <0.001

4.095 <0.001
Healthy subjects 1.27+0.23 30.508 | <0.001
Group Outlet diameter (mm) t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 3.00+0.70 30.459 | <0.001

3.016 0.005
Healthy subjects 2.49+0.50 27.099 | <0.001

Table 7. Diameters of the mesencephalic aqueduct in each group.

Group Angle (°) t-value | P-value | Paired t-value | Paired P-value

Patients with iNPH | 124.94+7.67 | 115.129 | <0.001
—4.686 <0.001

135.15+7.70 | 96.138 | <0.001

Healthy subjects

Table 8. Mesencephalic aqueduct angle in each group.

Group Midbrain + pons + medulla oblongata area (cm?) | t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 9.11+0.87 74.188 | <0.001

—3.137 0.004
Healthy subjects 9.82+0.76 69.166 | <0.001
Group Midbrain + pons area (cm?) t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 5.88 +0.609 68.377 | <0.001

—3.992 <0.001
Healthy subjects 6.62+0.616 58.863 | <0.001
Group Midbrain area (cm?) t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 0.92+0.19 34.272 | <0.001

—6.973 <0.001
Healthy subjects 1.37+0.290 26.030 | <0.001
Group Pons area (cm?) t-value | P-value | Paired t-value | Paired P-value
Patients with iNPH | 4.96+0.510 68.834 | <0.001

—-1.987 0.056
Healthy subjects 5.23+0.488 58.704 | <0.001

Table 9. Brainstem area and component areas at the sagittal aqueductal plane in each group.

(P<0.001) (Table 10). In contrast, there was no significant difference in brainstem angle between patients with

iNPH and healthy individuals (P> 0.05) (Table 11).

Measurement of the CSF spaces around the brainstem

In patients with iNPH, the CSF spaces around the brainstem were dilated compared to those in healthy
individuals, with the prepontine cistern showing particularly significant enlargement (P<0.05) (Fig. 5). In
accord with this increase in CSF space, the brainstem to cistern volume ratio was significantly reduced in patients
with iNPH (P < 0.05) (Table 12).

Measurement of prepontine cistern area

In individuals with iNPH, the dilated prepontine cistern space resembled a “hammer” in sagittal cross-
section (Fig. 6a, b and c). To define this “hammer” shape qualitatively, we established the following criteria: (i)
prepontine cistern area>5 cm? (ii) gap between the sella floor and the optic nerve>2.5 mm (Fig. 6d, line L),
(iii) interpeduncular cistern height > 5 mm (Fig. 6d, line L1), and (iv) the distance between the most prominent
part of the anterior ventral brainstem and clivus>5 mm (Fig. 6d, line L2). According to these criteria, the
“hammer sign” was present in 94.0% of NPH patients but only 20.0% of healthy individuals (Table 13).

Scientific Reports |

(2025) 15:94

| https://doi.org/10.1038/s41598-024-83874-7 natureportfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Patients with iNPH
Healthy subjects

0.156+£0.026
0.207£0.035

—5.668

Patients with iNPH | 0.844+0.026 231.629 | <0.001
Healthy subjects 0.791+£0.037 116.500 | <0.001

5.992

Table 10. Areas of the midbrain and pons at the aqueductal sagittal plane relative to total brainstem area.

Patients with iNPH | 163.64+5.95 194.463 | <0.001

1.111 0.275

Healthy subjects 161.97 +6.66 133.288 | <0.001

Table 11. Brainstem angles (through the aqueductal plane) of each group.

10 9

16

Anterior pontine cistern area in healthy participants Anterior pontine cistern area in patients with iNPH

Fig. 5. Sagittal plane areas of the anterior prepontine cistern in patients with iNPH and healthy subjects.

Patients with iNPH
Healthy subjects

5.88+1.24
4.54+1.03

Patients with iNPH
Healthy subjects 0.563 +0.061 50.353 | <0.001

0.487 £0.048

—5.747

Table 12. Area of brainstem peri-cerebral and anterior prepontine cisterns (cm?) and brainstem volume ratio
of each group.
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Fig. 6. Illustration of the hammer sign as a marker for iNPH. (a) and (b) The hammer’ shape of the
prepontine cistern in patients with iNPH as seen on TIWI images. (c) Expansion of the prepontine cistern
presents a “hammer-like” shape. (d) Line L: Gap between the sella floor and the optic nerve, Line L1: Height
of the interpeduncular cistern, Line L2: Distance between the most prominent anterior ventral aspect of the
brainstem and the clivus.

Group Number of “hammer signs” | Proportion with the “Hammer”
Patients with iNPH | 47/50 0.940
Healthy subjects 6/30 0.200

Table 13. Proportion of patients with a “hammer” sign in each group.

We also conducted ROC curve analysis to evaluate the association between the magnitude of prepontine
cistern dilation and probability of the “hammer” sign (Fig. 7a). Notably, the hammer sign was associated with a
significantly larger prepontine cistern area (Fig. 7b). The AUCs for iNPH patients and healthy individuals were
0.926 and 0.605, respectively. However, larger prepontine cistern area was significantly predictive of the hammer
sign only in the patient group (P <0.05) (Table 14), with a sensitivity of 94.0% and specificity of 80.0%.

Discussion

Patients with iNPH present with no identifiable cause, distinguishing symptoms, or imaging features useful for
differential diagnosis. Further, the characteristic triad of symptoms, gait disturbance, cognitive impairment, and
urinary bladder dysfunction, is observed in only 50% of cases!”. In most cases, gait disturbances, including slow
movement, shuffling gait, and magnetic gait, are the earliest clinical manifestations of INPH® but these symptoms
are shared with a myriad of acute and chronic neurological disorders. Timely differential diagnosis is critical as
symptoms can be treated and often mitigated by surgery. In this study, we identify a hammer sign’ on sagittal
brainstem MRI associated with prepontine cistern expansion that distinguishes iNPH from healthy matched
controls with high sensitivity and specificity. This hammer sign is thus an accessible and useful diagnostic feature
that may facilitate timely treatment for iNPH.

Ventricular enlargement without obstruction of CSF flow is a necessary condition for the diagnosis of
iNPH according to most previous studies and guidelines. In addition to dilation of the lateral, third, and fourth
ventricles, iNPH is associated with expansion of the perimedullary cisterns, and we found that this expansion
created an imaging marker for iNPH. Multiple pathophysiological models have been proposed to explain
ventricular enlargement in iNPH??°, including loss of ciliated ependymal cells and sheer wall stress. Ensuing
dilation of the ventricles can lead to predictable changes in intracranial anatomical and angular parameters,
but an EI> 0.3 is the only mandatory morphological criterion that must be met in most guidelines and expert
consensus statements. In iNPH, the ventricles expand in three dimensions, so some researchers have defined
directional EZ values, such as zEI*? to denote dilation of the ventricles along the longitudinal axis. However,
neither the EI value nor the zEI value can differentiate hydrocephalus subtypes. Thus, additional morphological
metrics must be identified and tested for diagnostic utility.

In the current study, we compared multiple morphological parameters of the mesencephalic aqueduct,
brainstem, and peribrainstem cisterns between patients with iNPH and healthy age-matched controls to
identify such diagnostic imaging markers. Cerebral aqueduct length did not differ between patients with
iNPH and healthy individuals, but the diameter of the mesencephalic aqueduct was significantly dilated (by
~0.2 to ~0.5 mm) in the patient group. However, dilation of the mesencephalic aqueduct can be observed in
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Fig. 7. Receiver operating characteristic (ROC) curve analysis of the relationship between prepontine
cistern expansion magnitude and hammer sign probability in patients with iNPH and healthy controls. (a)
ROC curves of prepontine cistern area in patients (red) and healthy controls (blue). (b) Box-plot showing
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significantly greater prepontine cistern area in patients with the hammer sign.

both communicating hydrocephalus and obstructive hydrocephalus, including cases with obstruction below
the mesencephalic aqueduct. Therefore, these changes may not be useful for distinguishing communicating
from obstructive hydrocephalus. The angle of the mesencephalic aqueduct also differed between iNPH and
healthy groups, being significantly steeper in patients with iNPH (resulting in a steeper horizontal to vertical
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Asymptotic 95%

confidence Interval
Inspection indicators AUC | Standard error® | Asymptotic significance® | Lower limit | Upper limit
Prepontine cistern area in the iNPH group | 0.926 | 0.070 0.017 0.790 1.000
Prepontine cistern area in Healthy subjects | 0.605 | 0.114 0.557 0.382 0.828

Table 14. Results of receiver operating characteristic (ROC) curve analysis of the association between
the hammer sign and anterior prepontine cistern area. Note: AUC is the area under the receiver operating
characteristic curve. *Based on nonparametric assumptions. °Null hypothesis: True area=0.5.

transition between upper and lower segments). In other words, the curvature of the mesencephalic aqueduct is
increased in patients with iNPH, and this morphological change is directly related to ventricular dilation and the
disproportionately enlarged subarachnoid space hydrocephalus (DESH) sign®!. Cerebrospinal fluid accumulates
in the lateral fissure pool, lower part of the cerebral convexity (below the lateral fissure pool), ventral sulci, and
cerebral cistern in patients with iNPH, leading to morphological changes due to accumulated pressure between
the lower forebrain and upper brainstem. This change ultimately decreases the mesencephalic aqueduct angle
and causes an increase in curvature.

In contrast, the angle between the brainstem and spinal cord did not differ significantly between patients with
iNPH and healthy matched individuals. However, the mid-sagittal area of the brainstem was reduced in patients
with iNPH compared to healthy individuals, with a particularly noticeable reduction in the cross-sectional area
of the midbrain (as high as 32.4%). The midbrain serves as a bridge between the cerebrum and spinal cord, so
damage manifesting as a reduction in volume may contribute to a broad spectrum of motor, sensory, emotional,
and cognitive impairments. For instance, Luca et al.>? reported a significant positive correlation between the
reduction in midbrain area and fluency of speech among patients with progressive supranuclear palsy. Similarly,
Xiao et al.¥ reported that dysfluency in speech and memory impairment in patients with iNPH were strongly
associated with midbrain atrophy in addition to dysfunction of frontal-striatal circuits. Furthermore, Heikkinen
et al>* found that brainstem atrophy was associated with the extrapyramidal symptoms of frontotemporal
dementia.

The total area of the cisterns surrounding the brainstem was expanded in patients with iNPH, and this was
primarily the result of prepontine cistern expansion, which reached 29.7%. In the majority of patients with
iNPH, this expansion of the prepontine cistern resulted in the formation of a “hammer” shape in cross-section,
and ROC curve analysis revealed that the appearance of this sign was associated with greater prepontine cistern
area, with a sensitivity of 94.0% and specificity of 80.0%. In other words, greater expansion of the prepontine
cistern was associated with a higher probability of “hammer” sign appearance. Further, 94.0% of patients with
iNPH exhibited the “hammer” sign compared to only 20.0% of healthy controls. Even among healthy individuals
with the “hammer” shape, there were differences compared to patients. In patients, the distance between the
posterior superior edge of the sella and the optic nerve was generally greater than 3 mm, whereas it was less than
3 mm in healthy individuals with the hammer sign.

Conclusion

Morphometric measurements of the cerebral aqueduct, brainstem, and surrounding CSF spaces in patients
with iNPH and healthy matched controls revealed several imaging markers with potential diagnostic utility
for iNPH. While the length of the cerebral aqueduct did not differ between patients with iNPH and healthy
individuals, diameters at the aqueduct entrance, constriction, and termination were significantly larger (dilated)
in the patient group. In addition, the curvature of the aqueduct was greater in patients. The total cross-sectional
area of the brainstem was also reduced in patients with iNPH compared to healthy individuals, and this decrease
was largely due to a substantial reduction in the cross-sectional area of the midbrain. While there was no
significant difference in the angle between brainstem and spinal cord, the surrounding cerebral cisterns were
dilated in patients, with the prepontine cistern exhibiting the most pronounced expansion. This dilation created
a “hammer” shape in sagittal cross-section that was positively correlated with cistern area and significantly
more frequent in patients than healthy controls. Future studies are needed to determine if these morphological
changes are specific to iNPH and thus can be used to distinguish iNPH from other forms of communicating
hydrocephalus as well as from obstructive hydrocephalus and chronic neurodegenerative diseases.

Data availability
The data supporting the findings of this study are available from the corresponding author upon reasonable
request.
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