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Abstract
Background Idiopathic normal pressure hydrocephalus (iNPH) shares clinical and radiological features with progressive 
supranuclear palsy (PSP) and Alzheimer’s disease (AD). Corpus callosum (CC) involvement in these disorders is well 
established on structural MRI and diffusion tensor imaging (DTI), but alterations overlap and lack specificity to underlying 
tissue changes.
Objective We propose a semi-automated approach to assess CC integrity in iNPH based on the spatial distribution of DTI-
derived principal diffusion direction orientation (V1).
Methods We processed DTI data from 121 subjects (Site1: iNPH = 23, PSP = 27, controls = 14; ADNI: AD = 35, con-
trols = 22) to obtain V1, fractional anisotropy (FA) and mean diffusivity (MD) maps. To increase the estimation accuracy 
of DTI metrics, analyses were restricted to the midsagittal CC portion (± 6 slices from midsagittal plane). Group-wise com-
parison of normalized altered voxel count in midsagittal CC was performed using Kruskal–Wallis tests, followed by post 
hoc comparisons (Bonferroni-corrected p < 0.05). ROC analysis was used to evaluate the diagnostic power of DTI alterations 
compared to callosal volume.
Results We found specific changes of V1 distribution in CC splenium of iNPH compared to AD and PSP, while MD and 
FA showed patterns of alterations common to all disorders. ROC curves showed that, compared to splenial volume, V1 
represented the most accurate marker of iNPH diagnosis versus AD and PSP.
Conclusions Our results provide evidence that V1 is a powerful biomarker for distinguishing patients with iNPH from 
patients with AD or PSP. Indeed, our findings also provide more specific insight into the pathophysiological mechanisms 
that underlie tissue damage across iNPH and its mimics.

Keywords Diffusion tensor imaging · Principal diffusion direction · Corpus callosum · Idiopathic normal pressure 
hydrocephalus · Alzheimer’s disease · Progressive supranuclear palsy

Introduction

Idiopathic normal pressure hydrocephalus (iNPH) is a 
neurological disorder affecting the elderly population with 
symptoms that can impair motor, autonomic and cognitive 
domains. Its clinical presentation alone, however, is not suf-
ficient to reach an early diagnosis and subsequently recom-
mend shunt surgery. In fact, the most common symptoms 
of iNPH (represented by the clinical triad: gait disturbance, 
cognitive impairment and urinary incontinence) are not spe-
cific and can be also found in patients affected by other neu-
rodegenerative diseases, such as Alzheimer’s disease (AD) 
and progressive supranuclear palsy (PSP).
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These disorders also share radiological signs, in addition 
to clinical ones: magnetic resonance imaging (MRI) features 
suggestive of PSP, such as the qualitative hummingbird sign 
and the quantitative, automated magnetic resonance parkin-
sonism index [1, 2], can also be found in iNPH patients, 
while vertical supranuclear gaze palsy, the most specific sign 
of PSP, does not necessarily manifest early in the course 
of the disease, especially in milder phenotypes. A recent 
study has shown that volumetric and linear measures of 
ventricular dilation (automated ventricular volumetry and 
magnetic resonance hydrocephalic index) can differentiate 
iNPH from PSP with up to 98.4% accuracy [3]. However, 
severe ventricular dilation is frequently observed in patients 
with AD and this, coupled with the presence of cognitive 
impairment in both diseases, can be a confounding factor 
that further hampers the early and correct identification of 
patients with iNPH.

The corpus callosum (CC) is a key region of the brain, 
connecting homo- and heterotopic regions of the cerebral 
hemispheres, and also represents the upper boundary of 
the lateral ventricles. Structural MRI and diffusion tensor 
imaging (DTI) studies have highlighted the involvement of 
this bundle in iNPH, AD and PSP [4–7]. Despite that all 
these disorders have different, sometimes unknown, etiolo-
gies (i.e., age-related causes, amyloid burden, tauopathies), 
existing studies reported similar patterns of atrophy and DTI 
alterations across the callosal region, which are likely driven 
by different pathological mechanisms (e.g., overproduction 
of cerebrospinal fluid, neurodegeneration, abnormal deposi-
tion of amyloid-beta or tau protein).

These commonalities in alteration patterns are not very 
surprising, since the diagnostic potential of commonly used 
DTI scalars, namely fractional anisotropy and mean diffu-
sivity (FA, MD), is strongly limited by their lack of speci-
ficity to underlying pathological processes [8]. Thus, it is 
important to thoroughly investigate also other properties 
of the diffusion tensor, such as the orientation of the ten-
sor’s principal eigenvector (V1, i.e., the principal diffusion 
direction), which could provide additional insight into the 
nature of tissue changes. Theoretical frameworks to quan-
titatively assess V1 have been described, but they have not 
been widely applied to clinical settings yet [9, 10].

Among all regions of the brain, CC represents a valuable 
window of observation for V1 characterization: first, the var-
ied nature of callosal fibers [11] might bring information 
not only on the bundle itself, but also indirectly on the sta-
tus of cortical regions connected by specific fibers; second, 
given its size and location, the CC is also particularly easy 
to identify and coarsely align across different subjects, even 
in the presence of severe atrophy or other disease-related 
deformations; last, but not least, the strong directionality of 
the bundle should warrant that the estimation of voxel-wise 
fiber orientation is sufficiently reliable, even dealing with 

diffusion-weighted sequences suitable for clinical practice—
i.e., single shell with a relatively low number of diffusion 
directions. In fact, the bundle runs in the mediolateral direc-
tion, especially in its midsagittal portion: by focusing on 
this section, the uncertainty in DTI measurements of voxels 
with different populations of crossing fibers can be limited.

In this study, we propose a semi-automated approach to 
assess CC integrity at the individual level, based on the spa-
tial distribution of V1 in the midsagittal portion of CC. We 
subsequently addressed the clinical challenge of differentiat-
ing iNPH from AD and PSP, by characterizing V1 altera-
tions across different diseases and compare their usefulness 
as diagnostic tool, compared to other more common disease-
related MRI metrics, such as callosal volume.

Materials and methods

Patients

Twenty-three patients with possible iNPH with MRI sup-
port, 27 patients with probable PSP (14 with PSP–Richard-
son’s syndrome and 13 with PSP-P), 35 patients with prob-
able AD and 37 healthy control subjects (14 from our site 
and 23 from the ADNI database) were enrolled in the current 
study. iNPH and PSP patients were recruited consecutively 
between 2017 and 2019 among those referred to the Institute 
of Neurology at the University of Catanzaro, Italy. Healthy 
control subjects were enrolled as volunteers at the same 
institution. Diagnosis of possible iNPH with MRI support 
was established according to international diagnostic guide-
lines [12]. Thirteen of 23 iNPH patients subsequently under-
went shunt surgery with clinical benefit and were reclassified 
as definite iNPH. All MRI data of the 23 INPH patients ana-
lyzed in our study were obtained before the shunt procedure, 
when patients were still classified as possible iNPH with 
MR support. Clinical diagnosis of probable PSP was estab-
lished according to recent international diagnostic criteria by 
a physician with > 10 years of experience in movement dis-
orders [13]. All patients underwent a detailed clinical assess-
ment, including the UPDRS-Motor Examination, the Mini-
Mental State Examination (MMSE) and the iNPH grading 
scale. Exclusion criteria for our patients included: history 
of neuroleptic use within the previous 6 months, clinical 
features suggestive of other diseases, and MRI abnormalities 
such as lacunar infarctions in the basal ganglia and/or sub-
cortical vascular lesions with diffuse periventricular signal 
alterations. In addition, none of the PSP patients showed 
Evans index > 0.32 associated with callosal angle < 100°, 
a combination of MRI biomarkers strongly suggestive of 
iNPH. None of the iNPH patients had a history of suba-
rachnoid hemorrhage, meningitis, head injury or congenital 
hydrocephalus, vertical ocular dysfunction, or radiological 
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evidence of stenosis of the cerebral aqueduct. None of the 
control subjects had a history of neurological, psychiatric, 
or other major medical illnesses.

Patients with AD were drawn from Alzheimer’s Disease 
Neuroimaging Initiative (ADNI) cohort. ADNI data were 
obtained through the University of Southern California’s 
Laboratory of Neuroimaging (LONI) data repository (http:// 
adni. loni. ucla. edu/). Institutional Review Board approval 
and written informed consent were obtained at each of the 
participating institutions. The ADNI was launched in 2003 
as a public–private partnership, led by Principal Investiga-
tor Michael W. Weiner, MD. The primary goal of ADNI 
has been to test whether serial magnetic resonance imag-
ing (MRI), positron emission tomography (PET), other 
biological markers, and clinical and neuropsychological 
assessment can be combined to measure the progression of 
mild cognitive impairment (MCI) and early AD. Detailed 
inclusion/exclusion criteria for AD patients can be found on 
the ADNI website [14]. In this study, we selected patients 
with AD according to the following criteria: (i) ‘axial DTI’ 
acquisition, with the same acquisition parameters across 
centers, was available at baseline (in particular, number of 
axial slices); (ii) quality of the MRI acquisition, assessed by 
trained experts from the Mayo Clinic, was deemed accept-
able [15]; (iii) cerebrospinal fluid biomarkers of AD were 
available (to strengthen reliability of diagnosis): in particu-
lar, patients showed evidence of reduced concentration of 
beta-amyloid(1–42) and increased concentration of tau and 
p-tau181 in the CSF compared to controls [16]. As a result, 
35 patients with AD and 23 healthy controls were selected 
from the ADNI database (all from ADNI2 project).

We considered demographic and clinical data, including 
sex, age at examination, age at disease onset, and MMSE 
score.

All local study procedures were carried out in accordance 
with the Declaration of Helsinki and ethical aspects were 
approved by the institutional review board (Magna Grae-
cia University review board, Catanzaro, Italy). Each ADNI 
recruitment site received approval from an institutional 
review board or ethics committee on human experimenta-
tion before ADNI study initiation. Written informed consent 
for research was obtained from all individuals participating 
in the study.

MRI acquisition

A graphical representation of the proposed analysis, from 
the acquisition stage to statistical analysis, is shown in 
Fig. 1. All patients with iNPH and PSP, as well as 14 con-
trol subjects underwent brain MRI on a 3 T MR750 GE MRI 
scanner and an 8-channel head coil (Fig. 1a).

The acquisition protocol included the following 
sequences: whole-brain, 3D T1-weighted spoiled gradi-
ent recalled-echo imaging (BRAVO; TE/TR = 3.7/9.2 ms, 
flip angle = 12°, voxel size = 1 mm × 1 mm × 1 mm), dif-
fusion tensor imaging (DTI; TE/TR = 81.4/10000  ms; 
b = 0 and 1000  s/mm2, diffusion- weighting along 27 
non-collinear gradient directions, matrix size = 128 × 128, 
80 axial slices, number of b0 images = 4, NEX = 2, voxel 
size = 2 mm × 2 mm × 2 mm), and fast fluid-attenuated inver-
sion recovery axial images (FLAIR; TR/TE = 9500/100 ms, 
matrix size = 512 × 512, FOV = 24 cm, 36 4-mm sections, 
gap = 0 mm).

All MRI series acquired at our center were examined to 
exclude scans with poor signal-to-noise ratio and/or brain 
abnormalities, following the procedures described on the 
ADNI website [17], to match the quality control of AD 
images (inclusion criterion was acceptable quality).

Fig. 1  DTI processing and analysis workflow

http://adni.loni.ucla.edu/
http://adni.loni.ucla.edu/


 Journal of Neurology

1 3

MRI series from the ADNI cohort were acquired on 
3 T GE systems with an eight-channel head coil at ten dif-
ferent sites, using the following acquisition parameters: 
sagittal T1-weighted MRI, TR = 2300 ms, minimum full 
TE, TI = 900  ms, flip angle = 8°, FOV = 26  cm, with a 
256 × 256 × 170 acquisition matrix in the x-, y-, and z-dimen-
sions, yielding a voxel size of 1.0 mm × 1.0 mm × 1.2 mm; 
Axial DTI, b = 0 and 1000 s/mm2, 41 diffusion-weighting 
directions, matrix size = 128 × 128, 59 axial slices, slice 
thickness = 2.7 mm, number of b0 images = 5, isotropic 
voxel size = 2.7 mm × 2.7 mm × 2.7 mm).

MRI post‑processing

DTI processing was performed using FSL v. 6.0.3 [18]. 
Image distortions induced by eddy currents and head motion 
in the DTI data were corrected by applying a 3D full affine 
(mutual information cost function) alignment of each image 
to the mean no diffusion weighting (b0) image. After distor-
tion corrections, DTI data were averaged and concatenated 
into either 28 volumes, for the locally acquired cohort, or 
42 volumes, for the ADNI cohort. A diffusion tensor model 
was fit at each voxel, generating the standard DTI-derived 
scalar maps (mean, axial and radial diffusivity maps and 
fractional anisotropy maps) as well as vector images of the 
voxel-wise orientation of diffusion directions (V1, V2 and 
V3, the eigenvectors of the tensor).

As summarized in Fig. 1b, a 6-degrees-of-freedom rigid-
body registration was applied to each individual FA map 
using FSL-FLIRT, with the FSL-HCP1065 1 mm FA tem-
plate as a reference; the resulting linear transformation was 
subsequently applied on MD, axial (AxD) and radial dif-
fusivity (rD) maps (using FSL-FLIRT) and on V1 and V2 
maps (using FSL’s vecreg). Due to orthogonality of V3 to 
both V1 and V2, V3 maps were not expected to add any 
information and thus were not analyzed [19]. At this point, 
all images were aligned in the same space, but no scaling or 
skewing was allowed on the maps, to prevent misregistration 
due to deformation of severely damaged brains (the majority 
of patients showed ventricle dilation).

To identify callosal voxels on each subject, a binary mask 
was obtained from the NatBrainLab Corpus Callosum atlas 
map [20]. A threshold of 0.3 was applied on the map to avoid 
less represented voxels [21]. To obtain individual masks of 
CC aligned in standard space, a nonlinear registration was 
computed between the standard template and each individual 
FA map. The resulting transform was applied to a standard 
CC mask using FSL’s applywarp (Fig. 1c).

Using an in-house Matlab script, V1 and V2 maps were 
decomposed in polar coordinates (theta and phi angles) at 
each voxel (Fig. 1d). Subsequently, only voxels belonging to 
the callosal region were retained, selected by masking each 
individual’s theta and phi maps with their CC mask. The 

reference distributions of theta and phi in CC were drawn 
by pooling the mean and standard deviation from the healthy 
control populations (14 from Site 1, 22 from ADNI data). 
Afterward, for each patient from the three disease groups, 
voxel-wise values of DTI scalars (FA, MD, AxD, rD) and 
eigenvectors (V1 and V2) were used to calculate z-scores. 
In particular, if a voxel’s theta and phi values both exceeded 
mean ± 2.5 standard deviation of the control population, it 
was assigned value 1, thus creating for each variable a sub-
ject-specific binary mask of callosal values diverging from 
the reference distribution.

Finally, all T1 images were warped into standard space 
with the same approach used for FA maps, i.e., a 6-degrees-
of-freedom rigid-body registration with MNI152 1 mm T1 
template as a reference, to extract callosal volume using the 
same standard CC mask used in previous steps.

Statistical analysis

Differences in the distribution of sex were assessed using 
Chi-squared test. Other demographic and clinical variables 
were tested for normality using Shapiro–Wilk’s test. Vari-
ables with normal distribution were compared across groups 
using ANOVA followed by pairwise t tests. Non-normally 
distributed variables, instead, were compared across groups 
using Kruskal–Wallis test, followed by pairwise Wilcoxon 
rank-sum test.

Subsequent MRI analyses were restricted to the midsagit-
tal region of the CC (± 6 slices from the midsagittal plane); 
this was done to increase both anatomical correspondence 
across different subjects and head sizes, as well as accuracy 
of V1 estimation in a region where the direction of fibers is 
very well defined. Callosal volume limited to the consid-
ered midsagittal region was extracted from T1 images and 
normalized by the corresponding total intracranial volume, 
estimated using FSL-SIENAX. Concerning DTI analysis, 
as stated above, in the CC of each patient a voxel was con-
sidered altered if the z-scores of both angles, of FA or of 
diffusivity values exceeded 2.5 standard deviations above or 
below the controls’ mean. The distribution of altered voxels 
was obtained for each subject: (i) along the mediolateral axis 
(x voxel coordinate, centered on the midsagittal plane ± 6 
slices) of the three main CC subregions (splenium, body 
and genu); (ii) along the anteroposterior (y voxel coordi-
nate) profile of the midsagittal CC. To compare the behavior 
of eigenvectors to that of the more common DTI-derived 
scalars, the number of unusual voxels in each subregion, 
normalized by the total number of voxels in the CC mask, 
was compared across groups using Kruskal–Wallis tests fol-
lowed by post hoc pairwise comparisons. Statistical signifi-
cance threshold was set at 0.05 after Bonferroni correction 
for multiple comparison.
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Finally, we evaluated the diagnostic potential of V1 
alterations in detecting iNPH compared to AD and PSP, and 
compared it with CC volume from the same regions. Using 
the ‘caret’ package available in R (version 4.0.2 for Mac), 
we trained different random forest classifiers to distinguish 
between iNPH and AD, between iNPH and PSP and between 
AD and PSP, and compared their performances using ROC 
analysis. Models were constructed based on: (i) the num-
ber of unusual V1 voxels in CC subregions where a signifi-
cant difference between iNPH and other groups was found 
(independent variables); (ii) volume drawn from the same 
regions. The different models were evaluated and compared 
using ROC curves and the area under the curve (AUC) with 
95% confidence intervals.

Results

The demographic and clinical characteristics of the patients 
are shown in Table 1. There was no difference in the age 
and sex distribution across groups. Disease duration was 
significantly lower in AD compared to the other two dis-
ease groups. All disease groups showed significantly lower 
MMSE scores compared to pooled healthy controls.

Patients with definite iNPH (N = 13) had signifi-
cantly lower age at examination compared to those 
with MR-support diagnosis (definite iNPH = 13, mean 
age ± sd = 73.2 ± 6.0; MRsupport iNPH = 10, mean 
age ± sd = 80.2 ± 4.1; p value = 0.005). Unsurprisingly, 
age at onset also followed a similar trend, although not 
reaching significance (definite iNPH = 13, mean age at 
onset ± sd = 69.6 ± 7.8; MRsupport iNPH = 10, mean age at 
onset ± sd = 75.3 ± 4.0; p value = 0.06).

We observed different topographical distributions of 
changes in the CC: Fig. 2 shows that patients with iNPH 
presented V1 alterations in the midsagittal portion of the 
splenium, which differed significantly from patients with 
AD and PSP (in both post hoc comparisons, Bonferroni-cor-
rected p value < 0.01). On the other hand, Fig. 3 shows that 
the number of voxels with significantly increased MD val-
ues compared to the control distributions was steady across 
the midsagittal profile, with iNPH and PSP significantly 
more affected than AD in the CC body (in both post hoc 

comparisons, Bonferroni-corrected p value < 0.01). Finally, 
Fig. 4 shows that the FA profile was similarly altered across 
all three patients’ groups compared to the control distribu-
tion of FA values. Supplementary material includes the 
results of the analysis for AxD, rD and V2. As expected, rD 
and AxD showed alterations very similar to those detected 
with MD. The pattern of changes in V2, instead, resembled 
that found using FA, with peaks of alterations in the sple-
nium and genu. However, no significant difference in the 
number of altered voxels was found between groups across 
the CC profile.

Figure 5 shows the main results of ROC analysis. The 
alterations of V1 in the splenium represented the best 
predictor of iNPH [AUC iNPH vs PSP = 0.88 (0.77–1); AUC 
iNPH vs AD = 0.88 (0.76–1)], even compared to more common 
and established measurements such as the callosal volume 
from the same region [AUC iNPH vs PSP = 0.74 (0.58–0.90); 
AUC iNPH vs AD = 0.79 (0.67–0.93)]. As expected, altered V1 
voxels did not contribute to the differentiation of AD versus 
PSP [AUC = 0.54 (0.38–0.70)], where instead volume per-
formed better [AUC = 0.72 (0.57–0.87)].

Discussion

Our study provides evidence that principal diffusion direc-
tion (V1) analysis can be successfully applied to a diagnostic 
challenge comparing three disorders (iNPH, AD, PSP) that 
share several clinical and radiological symptoms. The pro-
posed method for semi-automated analysis of callosal integ-
rity using V1 was able to identify microstructural alterations 
across these different neurological disorders that were not 
detectable using only volume measurements or common DTI 
metrics. In particular, alterations of V1 orientation in the 
CC splenium were specific to patients with iNPH, and the 
number of voxels characterized by altered V1 provided the 
highest AUC when differentiating iNPH from the other dis-
eases (but not when comparing AD and PSP, as expected), 
thus also outperforming volumetric measurements drawn 
from the same region.

While FA and MD were altered in AD compared to 
healthy controls, we observed that (i) the orientation of V1 
was not altered in these patients and (ii) the extent of the 

Table 1  Demographic and clinical characteristics of the cohort

HC (N = 37) iNPH (N = 23) PSP (N = 27) AD (N = 35) p value

Age (years) 75.8 ± 4.5 76.2 ± 6.2 72.7 ± 6.5 74.4 ± 9.2 0.21
Sex (M/F) 23/14 21/2 19/8 22/13 0.08
Age at onset (years) – 72.0 ± 7.0 69.2 ± 6.6 72.5 ± 9.5 0.11
MMSE, median (range) 28 (25–30) 22 (12–29) 23 (6–29) 24 (20–26)  < 0.001
Evans index, median (range) 0.28 (0.21–0.33) 0.37 (0.33–0.57) 0.31 (0.22–0.36) 0.34 (0.23–0.47) 0.04
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region in which MD was altered was significantly smaller 
compared to patients with iNPH and PSP. In the light of this, 
analysis of the differential involvement of V1 distribution 
across neurodegenerative (AD, PSP) and non-degenerative 
diseases (such as iNPH) could shed light on the different 
mechanisms that underlie tissue damage. Our hypothesis is 
that, while CC fibers are damaged in PSP and AD due to 
Wallerian degeneration, the frequently observed CC dam-
age in iNPH could be due to the pressure that the ventricle 
exerts on the bundle.

It was recently demonstrated that iNPH patients can be 
accurately distinguished from PSP patients using a simple 
linear measurement of ventricle dilation, the magnetic reso-
nance hydrocephalic index [3]. Compared to our proposed 
method, linear measurements are surely easier and leaner to 
apply in clinical practice, and also require minimum tech-
nical assets. In turn, our method is more sophisticated and 
computationally demanding, since it needs an off-line work-
station to process MRI scans after the acquisition session, 

as well as an expert researcher to run the code and interpret 
results. On the other hand, our method was able to identify 
diffusion imaging characteristics specific to iNPH compared 
to both PSP and AD patients, which also outperformed more 
conventional metrics in the task of distinguishing these 
disorders. It is also worth noting that, since their research 
hypothesis was more focused on parkinsonian syndromes, 
linear measurements proposed in the aforementioned study 
were tested in patients with AD, which could have negatively 
influenced the results due to the severe ventricular dilation 
frequently observed as a feature of the disease.

The choice of CC as a region of interest lays in its key 
role in health and pathology, as well as in its microstructural 
characteristics. Traditional DTI metrics have been found 
affected in several neurological disorders, such as AD, Par-
kinson’s disease and atypical parkinsonian syndromes, epi-
lepsy, and multiple sclerosis [6, 22–26]. All these disorders 
have different, sometimes unknown, etiologies; however, 
existing studies reported similar patterns of FA and MD 

Fig. 2  Top row: CC splenium, body and genu in the coronal plane 
of V1-color-coded FA template. Middle row: altered V1 voxel count 
compared to control distribution along the anteroposterior axis 
(z-scores for both theta and phi values > 2.5 or < − 2.5). Bottom row: 

altered V1 voxel count along the mediolateral axis in CC subregions. 
V1 principal diffusion direction; FA fractional anisotropy; iNPH idio-
pathic normal pressure hydrocephalus; AD Alzheimer’s disease; PSP 
progressive supranuclear palsy
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alterations across the CC region, which are likely driven by 
different pathological mechanisms (e.g., neurodegeneration, 
demyelination, abnormal electrophysiological activity). In 
the majority of these studies, either atrophy or microstruc-
tural alterations of the bundle or its subregions have been 
reported. In AD, diffusivity and FA changes in the genu and 
splenium have been described and associated with cognitive 
performance [6, 27, 28]. In PSP and its subtypes, widespread 
white matter damage, also involving the callosal bundle, has 
been measured using tract-based spatial statistics [7, 29]. In 
iNPH, diffusion metrics of CC and corticospinal tract have 
been frequently found altered compared to healthy controls 
and other neurodegenerative diseases such as AD [4].

Overall, while these three disorders all have different eti-
ology and histopathological outcomes, existing DTI studies 
presented very similar patterns of callosal alterations, due to 
the well-known limitation of tensor-derived scalars, which 
lack specificity to the underlying pathological processes. 

Interestingly, our study demonstrated that a thorough analy-
sis of both scalar and vector characteristics of the diffusion 
tensor is able to uncover disease-related differences that may 
otherwise go undetected.

The proposed pipeline is semi-automated, since it 
requires user intervention only for the quality check of 
image registration and CC segmentation. It was success-
fully applied to both multi-site data from the ADNI data-
base and across different acquisition protocols. Image 
pre-processing only involved rigid-body alignment to 
standard space, to avoid using nonlinear deformations 
on brain structures severely affected by disease-related 
morphological changes. In these cases, in fact, nonlin-
ear registration might fail and result in misalignment 
and excessive distortion, consequently invalidating the 
validity and robustness of any further processing of 
data. Another strength of our proposed method is that 
it was designed for single-shell data with a relatively 

Fig. 3  Top row: CC splenium, body and genu in the coronal plane of 
V1-color-coded FA template. Middle row: altered MD voxel count 
compared to control distribution along the anteroposterior axis (mean 
and SD for controls = 0.0014 ± 0.0004  mm2/s; for each voxel, z-score 
of the corresponding MD value was > 2.5 or < 2.5). Bottom row: 

altered MD voxel count along the mediolateral axis in CC subregions. 
MD mean diffusivity; V1 principal diffusion direction; FA fractional 
anisotropy; iNPH idiopathic normal pressure hydrocephalus; AD Alz-
heimer’s disease; PSP progressive supranuclear palsy
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low number of directions, to take into account its pos-
sible future application in routine clinical practice. On 
the other hand, it can also be easily applied to more 
sophisticated diffusion models that estimate the princi-
pal diffusion direction based on more complex acquisi-
tion schemes.

Obviously, this study has limitations. First, the sample 
sizes of the different groups are relatively small. However, 
all patients and healthy controls were carefully examined 
to exclude potential confounding factors. Second, the 
processing pipeline is quite complex, compared to other 
manual linear measurements more suitable for clinical 
practice. Third, despite our encouraging results, it is still 
extremely difficult to univocally associate DTI-derived 

changes with specific biological changes, without a spa-
tially matching postmortem examination of cases.

Conclusions

In conclusion, this study highlights that investigating the 
principal diffusion direction in the brain is a promising 
and feasible approach to better describe changes in the 
brain caused by non-degenerative disorders such as iNPH, 
which is a very controversial clinical entity that might be 
easily misdiagnosed. Future studies will focus on (a) V1 
distribution before and after shunting procedures, used to 
reduce cerebrospinal fluid pressure in iNPH, to test whether 

Fig. 4  Top row: CC splenium, body and genu in the coronal plane 
of V1-color-coded FA template. Middle row: altered FA voxel count 
compared to control distribution along the anteroposterior axis (mean 
and SD for controls = 0.54 ± 0.06; for each voxel, z-score of the corre-
sponding FA value was > 2.5 or < 2.5). Bottom row: altered FA voxel 

count along the mediolateral axis in CC subregions. V1 principal dif-
fusion direction; FA fractional anisotropy; iNPH idiopathic normal 
pressure hydrocephalus; AD Alzheimer’s disease; PSP progressive 
supranuclear palsy
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alterations are reversible and associated with surgical out-
come; (b) generalizability of the method over independent 
cohorts.
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