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A B S T R A C T   

Background: Microstructural alterations of corticospinal tract (CST) have been found in idiopathic normal 
pressure hydrocephalus (iNPH). No study, however, investigated the effect of ventricular dilatation on CST in 
Progressive Supranuclear Palsy (PSP). 
Objective: The aim of this study was to investigate CST diffusion profile in a large cohort of PSP patients with and 
without ventricular dilatation. 
Methods: Twenty-three iNPH patients, 87 PSP patients and 26 controls were enrolled. Evans index (EI) and 
ventricular volume (VV) were measured in all patients. CST tractography was performed to calculate FA, MD, 
AxD and RD in six different anatomical regions: medulla oblungata (MO), pons (P), cerebral peduncle (CP), 
posterior limb of internal capsule (PLIC), corona radiata (CR), subcortical white matter (SWM). ANCOVA was 
used for comparing CST diffusion profiles between the groups and association between CST microstructural 
metrics and measures of ventricular dilatation (EI and VV) was assessed. 
Results: Thirty-three PSP patients had ventricular dilatation (EI > 0.30, PSP-vd) while 54 PSP patients had normal 
ventricular system (EI ≤ 0.30, PSP-wvd). iNPH patients had the most marked FA and AxD increase in PLIC and 
CR of CST followed by PSP-vd, PSP-wvd and controls; RD was altered only in iNPH. A strong correlation was 
found between CST diffusion metrics and EI or VV. 
Conclusions: Our findings confirm the microstructural changes of CST in iNPH patients and demonstrate for the 
first time similar alterations in PSP-vd patients, suggesting a crucial role of ventricular dilatation in the me-
chanical compression of CST.   

1. Introduction 

Idiopathic normal pressure hydrocephalus (iNPH) (Starr et al., 
2014), is a syndrome characterized by the triad of gait disturbance, 
cognitive impairment and urinary incontinence (Mori et al., 2012). 
Generally, the diagnosis of iNPH is based on clinical evidence supported 
by structural imaging features characterizing the ventriculomegaly 
typical of this disease, such as the “disproportionately enlarged sub-
arachnoid space hydrocephalus” (DESH), the Evans Index (EI), the 
Callosal Angle and the ventricular volume (VV) (Miskin et al., 2017; 
Mori et al., 2012). The ventriculomegaly of iNPH had been shown to 
produce microstructural alterations of the white matter (WM), where 

the corticospinal tract (CST) resulted to be the most affected brain 
structure by the mechanical pressure produced by the abnormal ven-
tricular enlargement (Ades-Aron et al., 2018; Hattori et al., 2011; 
Nakanishi et al., 2013). These abnormal alterations of the CST due to the 
ventricle enlargement have been hypothesized to contribute to gait 
disturbance in iNPH patients (Bradley, 2000; Hattingen et al., 2010; 
Koyama et al., 2013; Koyama et al., 2012; Marumoto et al., 2012; Tar-
naris et al., 2009), although the etiology of gait disturbances is not 
entirely understood. 

Progressive Supranuclear Palsy (PSP) is a neurodegenerative disor-
der which shares several clinical findings with NPH (parkinsonism, 
disturbance of gait balance, cognitive impairment and urinary 
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incontinence), and can show marked ventricular dilation, making the 
differentiation between the two diseases often challenging (Cucca et al., 
2018; Quattrone et al., 2020, 2021). A very recent work (Quattrone 
et al., 2020), demonstrated that quantitative MRI biomarkers such as 
automated ventricular volumetry (AVV) and Magnetic Resonance Hy-
drocephalic Index (MRHI) were able to accurately distinguish between 
iNPH and PSP patients. However, the possible alteration of the CST due 
to the ventricular enlargement detected in iNPH has not been explored 
yet in PSP. 

The aim of the present work is to assess the microstructural integrity 
of the CST in PSP patients without and with ventricular dilatation in 
comparison with iNPH patients and healthy control subjects. In these 
patients, we used DTI deterministic tractography and the tract profile 
technique (Sarica et al., 2017; Yeatman et al., 2012) for exploring the 
possible regional changes in FA, MD, AxD and RD. Furthermore, we 
conducted a study of the association between the diffusion properties of 
the CST and some measures of ventricular dilatation, such as EI and VV. 

2. Methods 

2.1. Participants 

The patients were recruited consecutively between 2010 and 2020 
among those referred to the Institute of Neurology at the University of 
Catanzaro, Italy. Clinical diagnosis of PSP and iNPH were established 
according to international diagnostic criteria by a neurologist with > 10 
years of experience in movement disorders and dementia (Höglinger 
et al., 2017; Mori et al., 2012). All PSP patients enrolled before 2017 
were diagnosed according to previous diagnostic criteria (Litvan et al., 
1996; Williams et al., 2005) and expert guidelines and were reclassified 
according to the recent diagnostic criteria as probable PSP-Richardson’s 
syndrome or probable PSP-Parkinsonism (Höglinger et al., 2017). 

Diagnosis of possible iNPH with MRI support was established ac-
cording to Japanese guidelines (Mori et al., 2012), requiring the pres-
ence of at least two clinical symptoms of the classical triad (gait 
disturbance, urinary incontinence and cognitive impairment) associated 
with ventricular dilation (defined by an Evans index > 0.3) and sup-
ported by the presence of DESH on MR images. All MRI data of the iNPH 
patients analyzed in this study were obtained before shunt procedures 
(Sarica et al., 2021). For each patient, a clinical assessment was per-
formed, including Unified Parkinson’s Disease Rating Scale – pars III 
(UPDRS-III), the Mini-Mental State Examination (MMSE), and the iNPH 
grading scale (iNPHGS) in iNPH patients. 

Exclusion criteria for patients were: history of neuroleptic use within 
the previous six months, clinical features suggestive of other diseases, 
and MRI abnormalities such as vascular lesions in the basal ganglia. In 
addition, none of the iNPH patients had a history of subarachnoid 
hemorrhage, meningitis, head injury or congenital hydrocephalus, or 
radiological evidence of aqueductal stenosis. 

No control subject had a history of neurological, psychiatric, or other 
major medical illnesses. 

All participants gave written informed consent, and all study pro-
cedures and ethical aspects were approved by the institutional review 
board (Magna Graecia University review board, Catanzaro, Italy), ac-
cording to the Helsinki Declaration. 

2.2. MRI acquisition 

Brain MRI was performed according to routine protocol (Sarica et al., 
2014) by a 3 T scanner with an 8-channel head coil (Discovery MR-750, 
GE, Milwaukee, WI, USA). The protocol included: (a) whole-brain T1- 
weighted scan MRI (SPGR; TE/TR = 3.7/9.2 msec, flip angle 12◦, voxel- 
size 1 × 1 × 1 mm3); (b) T2-weighted fast spin echo and T2-weighted 
FLAIR sequences; (c) diffusion-weighted volumes, acquired by using 
spin-echo echo-planar imaging (TE/TR = 87/10,000 msec, bandwidth 
250KHz, matrix size 128 × 128, 80 axial slices, voxel size 2.0 × 2.0 ×

2.0 mm3) with 27 equally distributed orientations, b-value 1,000 s/ 
mm2. Particular care was taken to restrain subject’s movements with 
cushions and adhesive medical tape. A rater, blinded to diagnoses, 
visually checked the images to exclude all scans with artefacts. 

2.3. Image processing 

The FMRIB’s v6 (Oxford Centre for Functional MRI of the Brain) 
Diffusion Toolbox (Jenkinson et al., 2012) was used for correcting eddy 
currents and motion distortions. The non-diffusion-weighted images 
were skull stripped using the FMRIB’s brain extraction tool (bet) and 
used to mask all diffusion-weighted image. A diffusion-tensor model was 
fitted at each voxel using dtifit, generating fractional anisotropy (FA), 
mean diffusivity (MD), axial diffusivity (AxD) and radial diffusivity (RD) 
maps, used for following processing (Sarica et al., 2019a). 

The Automated Fiber Quantification (AFQ version 1.2, MATLAB 
R2018a) tool (Yeatman et al., 2012) was used for reconstructing the CST 
and for evaluating diffusion metrics along the tract length. AFQ builds 
the main white matter tracts, for both hemispheres, and measures FA, 
MD, AxD and RD along their trajectories (100 nodes). In particular, AFQ 
uses a three-step procedure to identify 24 major fiber tracts, based on a 
combination of methods (Yeatman et al., 2012) consisting of: (1) whole- 
brain fiber tractography, (2) waypoint ROI-based fiber tract segmenta-
tion and (3) cleaning and refinement of fiber tracts based on a proba-
bilistic tracts atlas. For the CST, the first ROI was defined at the cerebral 
peduncle in axial plane at the level of the decussation of the superior 
cerebellar peduncle, while the second ROI is placed in the central sulcus, 
right after the bifurcation to the motor and sensory cortex. More details 
could be found elsewhere (Sarica et al., 2017; Sarica et al., 2019b; 
Yeatman et al., 2012). Visual inspection was performed by an expert 
neuroradiologist for assuring the correct coregistration of the T1 and 
DTI images and for checking the placement of the CST fibers after per-
forming the tractography, and no manual correction was needed. 

An anatomical subdivision of the corticospinal tract was performed 
by computing the first order derivatives of FA along each node of the 
mean of the control group (Ho et al., 2017). Then, we found the local 
maxima of the FA first order derivative and used their location to define 
the voxel interval corresponding to six anatomical regions: the medulla 
oblungata (MO), the pons (P), the cerebral peduncle (CP), the posterior 
limb of internal capsule (PLIC), the corona radiata (CR) and the 
subcortical white matter (SWM). The mean of left and right CST for each 
diffusion metric was then evaluated. EI and MRHI were measured on T1- 
weighted images in all study participants according to previously 
described procedures (Miskin et al., 2017; Quattrone et al., 2020). 

Freesurfer (v.6) (Dale et al., 1999) and its standard reconstruction 
pipeline were used for obtaining from the T1 images the ventricles 
volume (VV) as the sum of the lateral and the inferior lateral ventricle of 
the left and the right hemisphere, third ventricle and fourth ventricle. 
The VV was then normalized for the total intracranial volume. 

2.4. Statistical analysis 

The statistical analysis was performed with a home-made script in 
Python (v. 3.8.6). An analysis of variance (ANOVA) was employed for 
comparing age, age at onset, disease duration and UPDRS-III. Differ-
ences in the gender distribution were assessed with pairwise Pearson 
Chi-square tests (p < 0.05). An analysis of covariance (ANCOVA) was 
used with age and gender as covariates for comparing the MMSE, EI, VV, 
MRHI and the diffusion metrics in the six anatomical regions of the 
corticospinal tract among the four diagnostic groups. Moreover, we 
performed an ANCOVA with age, sex and UPDRS-III as covariates for 
comparing the diffusion metrics among PSP-wvd, PSP-vd and iNPH 
patients. 

All the multiple comparisons were accounted by post-hoc Tukey’s 
honest significant difference tests (p < 0.05). Spearman’s partial corre-
lation (with age and gender as control variables) was performed for 
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exploring the association between the EI, VV and the diffusion metrics 
per anatomical region of the CST. The multiple comparisons in the 
partial correlation were accounted with Bonferroni’s correction (p <
0.5/24 = 0.002). 

3. Results 

3.1. Participants 

Twenty-three possible iNPH patients with MRI support (mean age 
74.5 ± 7.87, 2 females, EI 0.379 ± 0.034), 54 probable PSP without 
ventricular dilatation (PSP-wvd, mean age 70.7 ± 6, 25 females, EI 
0.267 ± 0.026), 33 PSP with ventricular dilatation (PSP-vd, 8 females, 
mean age 74.9 ± 9.49, EI 0.327 ± 0.015), and 26 control subjects (CTRL, 
mean age 72.4 ± 4.48, 7 females, EI 0.262 ± 0.046) were enrolled in the 
current study. According to the recent diagnostic criteria (Höglinger 
et al., 2017), PSP patients were reclassified as probable PSP-Richard-
son’s syndrome (PSP-RS, n = 57) or probable PSP-Parkinsonism (PSP-P, 
n = 30). Fourteen of 23 iNPH patients subsequently underwent shunt 
procedure with clinical benefit and were reclassified as definite iNPH. 

Thirty-three PSP patients (21 PSP-RS and 12 PSP-P) had ventricular 
dilatation (EI > 0.30, PSP-vd) while the remaining 54 PSP patients (36 
PSP-RS and 18 PSP-P) had normal ventricular system (EI ≤ 0.30, PSP- 
wvd). 

3.2. Statistical analysis 

The results of the statistical analysis for the demographic and clinical 
variables are reported in Table 1. No differences in age existed among 
the four groups (Table 1), while the gender distribution was different 
only between iNPH and PSP-wvd. The age at onset was higher in iNPH 
patients than PSP-wvd, while the disease duration was not different 
among the three pathological groups. The UPDRS-III was lower in iNPH 
patients than in both PSP groups. The analysis of the UPDRS-III gait 
score (item 29) revealed that iNPH patients had lower values than the 
PSP patients, while PSP-wvd and PSP-vd had not significant differences. 
The MMSE score was higher in healthy controls than iNPH, PSP-wvd and 
PSP-vd. Regarding the EI, VV and MRHI, PSP-vd patients had lower 
values than iNPH patients, while they showed significant higher values 
than PSP-wvd patients and CTRL subjects. 

3.3. Diffusion metrics 

Fig. 1 shows the CST profile along its 100 nodes in all patient groups. 
The Fig. 1A-1D show the analyzed diffusion metrics in all patient groups 
for each anatomical region of CST. The results of ANCOVA and its post- 
hoc for comparing the diffusion metrics between the anatomical regions 
of CST in the different patient groups were reported in Table 2. iNPH 
patients had higher FA (Fig. 1A and Table 2) and AxD (Fig. 1C and 
Table 2) and lower RD (Fig. 1D and Table 2) values than the other three 
groups in PLIC and CR. PSP-vd patients had higher FA, and AxD in PLIC 
and CR than PSP-wvd and controls (Fig. 1A, Fig. 1C and Table 2). RD was 
significantly altered only in iNPH patients, while the other two diag-
nostic groups (PSP-wvd and PSP-vd) had no differences in RD compared 
with healthy controls in the region between the cerebral peduncle and 
corona radiata of the CST (Fig. 1D and Table 2). The PSP-wvd had sig-
nificant alterations only in the PLIC and CR with the AxD higher than the 
controls (Fig. 1C and Table 2). Fig. 2 reports the box plots of the four 
diffusion metrics for the most involved CST regions (PLIC and CR) per 
group (supplementary material for the other ROIs, Figure S1). The 
findings of ANCOVA with age, gender and UPDRS-III as covariates were 
not substantially changed. 

Partial correlation in the whole group (Table 3) revealed that EI had 
a strong positive association with FA and AxD and a strong negative 
association with RD in the region between the cerebral peduncle and the 
corona radiata. Similarly to EI, the ventricle volume was positively 

significantly correlated with FA and AxD, and negatively correlated with 
RD in the posterior limb of internal capsule and corona radiata (Table 3). 
The plots of Linear Regression between the diffusion metrics (FA, AD 
and RD) and EI and VV in the most representative CST regions (PLIC and 
CR) are reported in Supplementary Material (Figure S2). 

A schematic representation of the relationship between the ventric-
ular dilatation assessed by EI and the DTI CST changes was reported in 
Fig. 3. The Fig. 3A represents the absence of ventricular dilatation 

Table 1 
Clinical and demographics values per diagnostic group. Mean ± standard de-
viation were reported.   

CTRL 
(26) 

PSP- 
wvd  
(54) 

PSP-vd  
(33) 

iNPH  
(23) 

P-value Post-hoc 

Age 72.4 ±
4.5 

70.7 ±
6.0 

74.9 ±
9.5 

74.5 ±
7.9 

0.20a N.Ab 

Female, n 7 25 8 2 N.A. iNPH ∕=
PSP-wvdc 

Age at 
onset 

N.A. 65.7 ±
6.2 

67.4 ±
7.4 

70.4 ±
8.4 

<0.001a iNPH >
PSP-wvdb 

Disease 
duration 

N.A. 4.87 ±
3.0 

5.73 ±
3.2 

4.00 ±
3.7 

0.24a N.A.b 

UPDRS-III N.A. 37.9 ±
9.3 

40.4 ±
7.1 

13.1 ±
11.1 

<0.001a iNPH <
PSP-wvd, 
PSP-vde 

UPDRS 
gait 
(item 
29) 

N.A. 2.65 ±
0.9 

2.91 ±
0.9 

1.89 ±
1.3 

0.02a iNPH <
PSP-wvd, 
PSP-vdb 

iNPHGS N.A. N.A. N.A. 5.0 ±
3.2 

N.A. N.A. 

MMSE 27.1 ±
1.2 

22.2 ±
5.8 

22.1 ±
5.7 

21.9 ±
7.3 

0.012d CTRL >
PSP-wvd, 
PSP-vd, 
iNPHe 

EI 0.262 
± 0.05 

0.267 
± 0.03 

0.327 
± 0.01 

0.379 
± 0.03 

<0.001d CTRL <
PSP-vd, 
iNPHe 

PSP-wvd 
< PSP-vd, 
iNPHe 

PSP-vd <
iNPHe 

VVf 0.002 
±

0.004 

0.016 
± 0.01 

0.030 
± 0.01 

0.062 
± 0.03 

<0.001d CTRL <
PSP-vd, 
iNPHe 

PSP-wvd 
< PSP-vde 

iNPH >
PSP-wvd, 
PSP-vde 

MRHI 0.50 ±
0.02 

0.51 ±
0.02 

0.54 ±
0.02 

0.61 ±
0.02 

<0.001d CTRL <
PSP-vd, 
iNPHe 

PSP-wvd 
< PSP-vd, 
iNPHe 

PSP-vd <
iNPHe 

Abbreviations: CTRL = controls; PSP-wvd = Progressive Supranuclear Palsy 
without ventricular dilatation; PSP-vd = Progressive Supranuclear Palsy with 
ventricular dilatation; iNPH = Normal Pressure Hydrocephalus; UPDRS-III =
Unified Parkinson’s Disease Rating Scale – pars III, MMSE = Mini-Mental State 
Examination, iNPHGS = iNPH grading scale; EI = Evans Index; VV = Ventricle 
Volume; N.A. = Not applicable. 

a ANOVA p-value, significant at < 0.05. 
b Post-Hoc of ANOVA corrected for multiple comparisons with Tukey’s, sig-

nificant at < 0.05. 
c Pairwise Chi-squared, significant at < 0.05. 
d ANCOVA with age and gender in covariates, significant at < 0.05. 
e Post-Hoc of ANCOVA with age and gender in covariates, corrected for 

multiple comparisons with Tukey’s HSD test, significant at < 0.05. 
f Normalized for the total intracranial volume. 
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(controls and PSP-wvd), while the Fig. 3B shows a moderate ventricular 
enlargement (PSP-vd), which was accompanied by a moderate increase 
of FA and AxD. Finally, the Fig. 3C represents the case of iNPH patients 
with marked ventricular dilatation, in which the FA and AxD strongly 
increased, and the RD decreased. 

4. Discussion 

In the present work, we found microstructural alterations of the CST 
in PSP patients with ventricular dilatation (PSP-vd) and iNPH patients, 
in comparison with PSP patients without ventricular dilatation (PSP- 
wvd) and healthy controls. iNPH and PSP-vd patients had a marked 
increase in FA and AxD in CST, especially in the posterior limb of in-
ternal capsule and in the corona radiata. Interestingly, the RD alter-
ations in the PLIC and CR were found only in iNPH patients, who showed 
significantly lower RD values than controls and PSP patients. 

Our findings confirm the pathological alterations of the CST in iNPH 

patients (Hattingen et al., 2010; Hattori et al., 2011; Nakanishi et al., 
2013). The increment of the FA and AxD implies a rise of the diffusion 
along the longitudinal axis of CST fibers, parallel to axon orientation 
(Ades-Aron et al., 2018) with an increase of the fiber density (Nakanishi 
et al., 2013). On the contrary, the decrease of RD, found in iNPH pa-
tients, reflects a decrease of the diffusion along the radial direction. It 
has been hypothesized that this compression and deformation of the CST 
in iNPH patients may result in frontal lobe dysfunction, alterations of the 
circuit cortico-basal ganglia-thalamus and affect the supplementary 
motor cortex producing the well-known gait disturbances (Siasios et al., 
2016). 

In this study, we also evaluated the corticospinal diffusion tract 
profile in two distinct cohorts of PSP patients, without and with ven-
tricular dilatation as assessed by the EI, in comparison with iNPH pa-
tients and healthy controls. 

Our PSP-vd patients showed a similar pattern of CST alterations in 
comparison with iNPH patients, with higher FA and AxD values than 

Fig. 1. Tract profile of CST along its 100 nodes divided per anatomical region (in gray), numbered from inferior (0) to superior (100). The significant (p < 0.05) 
ANCOVA post-hoc results are also reported. (A) Fractional Anisotropy; (B) Mean Diffusivity; (C) Axial Diffusivity; (D) Radial Diffusivity. Abbreviations: MO =
Medulla Oblungata; P = Pons; CP = Cerebral Peduncle; PLIC = Posterior Limb of the Internal Capsule; CR = Corona Radiata; SWM = Subcortical White Matter; CTRL 
= controls (in green); PSP-wvd = Progressive Supranuclear Palsy without ventricular dilatation (in black); PSP-vd = PSP with ventricular dilatation (in red); iNPH =
Idiopathic Normal Pressure Hydrocephalus (in blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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Table 2 
Results of the CST tractography comparison among the four diagnostic groups. 
Mean ± standard deviation of the four diffusion metrics, FA, MD, AxD and RD 
are reported for each of the six anatomical regions and for the whole CST.    

CTRL  
(26) 

PSP- 
wvd  
(54) 

PSP-vd  
(33) 

iNPH  
(23) 

P-value 
a 

Post-hoc 
b 

FA MO 0.489 
±

0.0363 

0.468 
±

0.0429 

0.479 
±

0.0447 

0.54 ±
0.0333  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd 

P 0.598 
±

0.0391 

0.577 
±

0.0363 

0.59 ±
0.0331 

0.645 
± 0.05  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd 

CP 0.619 
±

0.0312 

0.595 
±

0.0563 

0.614 
±

0.0608 

0.667 
±

0.0604  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd 

PLIC 0.587 
±

0.0538 

0.598 
±

0.0391 

0.644 
±

0.0401 

0.708 
±

0.0361  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd; 
PSP-vd 
> CTRL, 
PSP- 
wvd 

CR 0.415 
±

0.0431 

0.409 
±

0.0437 

0.465 
±

0.064 

0.615 
±

0.0459  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd; 
PSP-vd 
> CTRL, 
PSP- 
wvd 

SWM 0.447 
±

0.0208 

0.413 
±

0.0318 

0.422 
±

0.0357 

0.433 
±

0.023  

<0.001 iNPH >
PSP- 
wvd; 
CTRL >
PSP- 
wvd, 
PSP-vd 

whole 
CST 

0.526 
±

0.0236 

0.510 
±

0.0290 

0.535 
±

0.0266 

0.601 
±

0.0320  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd; 
PSP-vd 
> PSP- 
wvd 

MD MO 0.816 
±

0.0593 

0.861 
±

0.0814 

0.868 
±

0.0789 

0.844 
±

0.0463  

0.06 N.A. 

P 0.83 ±
0.0429 

0.869 
±

0.0625 

0.875 
±

0.0467 

0.822 
±

0.0518  

<0.001 iNPH <
PSP- 
wvd, 
PSP-vd; 
CTRL <
PSP- 
wvd, 
PSP-vd 

CP 0.775 
±

0.038 

0.801 
±

0.0662 

0.807 
±

0.055 

0.784 
±

0.0378  

0.056 N.A. 

PLIC 0.772 
±

0.0307 

0.79 ±
0.0459 

0.803 
±

0.0352 

0.805 
±

0.0355  

0.027 CTRL <
PSP-vd 

CR 0.795 
±

0.0402 

0.825 
±

0.0532 

0.842 
±

0.0627 

0.822 
±

0.0597  

0.024 CTRL <
PSP-vd 

SWM  <0.001 iNPH <
PSP-vd;  

Table 2 (continued )   

CTRL  
(26) 

PSP- 
wvd  
(54) 

PSP-vd  
(33) 

iNPH  
(23) 

P-value 
a 

Post-hoc 
b 

0.809 
±

0.0333 

0.834 
±

0.0453 

0.850 
±

0.038 

0.815 
±

0.0481 

CTRL <
PSP- 
wvd, 
PSP-vd 

whole 
CST 

0.799 
±

0.0275 

0.830 
±

0.0431 

0.841 
±

0.0380 

0.815 
±

0.0334  

<0.001 iNPH <
PSP-vd; 
CTRL <
PSP- 
wvd, 
PSP-vd; 

AxD MO 1.29 ±
0.0858 

1.33 ±
0.114 

1.36 ±
0.0908 

1.41 ±
0.0972  

0.003 iNPH >
CTRL 

P 1.47 ±
0.0627 

1.51 ±
0.0859 

1.53 ±
0.0805 

1.53 ±
0.0754  

0.005 PSP-vd 
> CTRL 

CP 1.41 ±
0.0638 

1.42 ±
0.0942 

1.47 ±
0.0634 

1.51 ±
0.0443  

<0.001 iNPH >
CTRL, 
PSP- 
wvd 

PLIC 1.36 ±
0.0573 

1.41 ±
0.0875 

1.51 ±
0.107 

1.61 ±
0.0326  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd;  
PSP-vd 
> CTRL, 
PSP- 
wvd; 
PSP- 
wvd >
CTRL 

CR 1.19 ±
0.0706 

1.23 ±
0.0942 

1.33 ±
0.129 

1.5 ±
0.0946  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd;  
PSP-vd 
> CTRL, 
PSP- 
wvd; 
PSP- 
wvd >
CTRL 

SWM 1.23 ±
0.0483 

1.22 ±
0.0574 

1.25 ±
0.0318 

1.21 ±
0.0642  

0.009 PSP-vd 
> iNPH 

whole 
CST 

1.32 ±
0.0335 

1.35 ±
0.0614 

1.41 ±
0.0517 

1.46 ±
0.0194  

<0.001 iNPH >
CTRL, 
PSP- 
wvd, 
PSP-vd;  
PSP-vd 
> CTRL, 
PSP- 
wvd; 
PSP- 
wvd >
CTRL 

RD MO 0.58 ±
0.0574 

0.625 
±

0.076 

0.623 
±

0.0865 

0.559 
±

0.0373  

0.001 iNPH <
PSP- 
wvd, 
PSP-vd 

P 0.509 
±

0.0512 

0.55 ±
0.0611 

0.545 
±

0.0447 

0.466 
±

0.0639  

<0.001 iNPH <
PSP- 
wvd, 
PSP-vd; 
PSP- 
wvd <
CTRL 

CP 0.456 
±

0.0372 

0.489 
±

0.0727 

0.477 
±

0.0731 

0.422 
±

0.0659  

0.001 iNPH <
PSP- 
wvd, 
PSP-vd 

PLIC 0.477 
±

0.0523 

0.479 
±

0.0438 

0.450 
±

0.031 

0.4 ±
0.0484  

<0.001 iNPH <
CTRL, 
PSP- 

(continued on next page) 
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PSP-wvd and healthy controls. These CST alterations of PSP-vd patients 
were particularly evident in the regions of the posterior limb of internal 
capsule and in the corona radiata, which are the two regions closer to the 
head of lateral ventricles. On the contrary, our PSP-wvd had in these 
regions only a mild increment of the AxD, without any significant al-
terations in the FA. Thus, we can speculate that the ventricular 

enlargement in our PSP-vd patients, produced a stretching on the neural 
fibers along the axonal direction, similarly, though of lesser degree, to 
what occurring in iNPH patients, (Ades-Aron et al., 2018; Hattingen 
et al., 2010; Hattori et al., 2011; Nakanishi et al., 2013). The lack of 
alterations of the RD in the PLIC and CR of PSP patients may be 
explained by the less marked ventricular enlargement in these patients 
than iNPH, indicating that this metric was less sensitive than FA and AxD 
to the increase of ventricles volume. Our findings are supported by 
correlation data showing a strong association between DTI metrics and 
EI and VV values, thus demonstrating that the graded severity of ven-
triculomegaly was strictly related to the graded severity of the CST 
microstructural alterations. 

The involvement of the pyramidal system in PSP patients was pre-
viously demonstrated in clinical, imaging and neuropathological studies 
(Barbagallo et al., 2019; Stejskalova et al., 2019). Considering the whole 
CST, our PSP patients, both with and without ventricular dilatation, 
showed the increment of MD, AxD and RD, while no differences were 
found in the FA in comparison with controls. These findings are in 
accordance with previous tractography studies (Agosta et al., 2012; 
Piattella et al., 2015; Tessitore et al., 2014; Worker et al., 2014; Zanigni 
et al., 2017) showing that PSP patients had diffusion alterations of the 
CST, characterized by increased MD, AxD and RD compared with 
healthy controls. Regarding the FA, it was decreased in some studies 
(Agosta et al., 2012; Tessitore et al., 2014), while it was not different 
from controls in other reports (Kvickstrom et al., 2011; Potrusil et al., 
2020). The heterogeneity of the FA findings in CST of PSP patients could 
be related to the coexistence of two different pathological processes: the 
neurodegenerative aspect, which could produce a decrease of the FA, 
and the compression effect due to the ventricular enlargement in PSP 
with ventricular dilatation, which could increase the FA of CST. In the 
present study, we also analyzed regionally the CST, and we found lower 
FA in the subcortical WM in both PSP groups without and with ven-
tricular dilatation compared with controls, probably reflecting a 
neurodegenerative process, while we found a higher FA in the internal 
capsule and corona radiata in PSP-vd patients, in comparison with both 

Table 2 (continued )   

CTRL  
(26) 

PSP- 
wvd  
(54) 

PSP-vd  
(33) 

iNPH  
(23) 

P-value 
a 

Post-hoc 
b 

wvd, 
PSP-vd 

CR 0.599 
±

0.0418 

0.624 
±

0.0502 

0.599 
±

0.0634 

0.486 
±

0.0618  

<0.001 iNPH <
CTRL, 
PSP- 
wvd, 
PSP-vd 

SWM 0.60 ±
0.0313 

0.64 ±
0.0465 

0.647 
±

0.0479 

0.617 
±

0.0432  

<0.001 CTRL <
PSP- 
wvd, 
PSP-vd 

whole 
CST 

0.537 
±

0.0316 

0.568 
±

0.0427 

0.557 
±

0.0395 

0.492 
±

0.0446  

<0.001 iNPH <
CTRL, 
PSP- 
wvd, 
PSP-vd; 
CTRL <
PSP- 
wvd 

Abbreviations: CTRL = controls; PSP-wvd = Progressive Supranuclear Palsy 
without ventricular dilatation; PSP-vd = Progressive Supranuclear Palsy with 
ventricular dilatation; iNPH = Normal Pressure Hydrocephalus; FA = Fractional 
Anisotropy; MD = Mean Diffusivity; AxD = Axial Diffusivity; RD = Radial 
Diffusivity; N.A. = Not applicable. 

a ANCOVA with age and gender as covariates, significant at < 0.05. 
b Post-Hoc of ANCOVA with age and gender as covariates, corrected for 

multiple comparisons with Tukey’s HSD test, significant at < 0.05. 

Fig. 2. Box plots of the four diffusion metrics for the most involved CST region per groups. Abbreviations: PLIC = Posterior Limb of the Internal Capsule; CR =
Corona Radiata; CTRL = controls (in green); PSP-wvd = Progressive Supranuclear Palsy without ventricular dilatation (in black); PSP-vd = PSP with ventricular 
dilatation (in red); iNPH = Idiopathic Normal Pressure Hydrocephalus (in blue). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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PSP-wvd and controls, indicating the compression effect of ventricular 
dilatation in these CST regions. Taken together, these findings suggest 
that in PSP patients FA values can decrease in some CST regions, 
probably affected by the neurodegeneration, and can be increased in 
others due to the ventricle enlargement. 

Thus, we can hypothesize that regional anatomical division of the 
CST could be more powerful than the whole CST analysis in dis-
tinguishing diffusion alterations caused by the neurodegenerative and 
compressive processes, or in detecting subtle diffusion abnormalities 

that may be otherwise lost. 
The present study has two main strengths. First, to evaluate the effect 

of ventricular enlargement in PSP on corticospinal fibers, we compared 
PSP patients with and without ventricular dilation, thus separating the 
possible effect of neurodegeneration on CST from the mechanical effect 
of the ventricular compression on the CST fibers. Second, in addition to 
the whole CST analysis, we also explored the tract profile in six different 
anatomical regions, which gave the specific localization of the diffusion 
changes in PSP patients. 

One limitation of this study is that PSP patients did not undergo 
pathological examination. However, PSP diagnosis was performed by 
expert clinicians, according to international diagnostic criteria with high 
sensitivity and specificity (Ali et al., 2019). The second limitation is the 
small sample size of iNPH cohort, however most iNPH underwent shunt 
surgery with clinical benefit, and our findings in these patients were in 
accordance with the existing literature. 

5. Conclusions 

In conclusion, this study demonstrates that the ventricular dilatation 
has a compressive effect against the corticospinal fibers in patients with 
PSP, similarly to what occurs in iNPH. The graded severity of the ven-
triculomegaly was associated with the graded severity of the micro-
structural alterations of the CST. The tract profile technique based on 
analysis of different anatomical regions of CST provides new insights on 
the focal effect of ventricular dilation against corticospinal fibers at the 
level of internal capsule and corona radiata with a better understanding 
of the DTI alterations of CST in PSP. 
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Table 3 
Results of the partial correlation between EI and VV and diffusion metrics per 
anatomical region of the CST. The correlation coefficients r and the p-values 
were reported. In bold significant results corrected for Bonferroni’s multiple 
comparisons (p < 0.5/24 = 0.002).  

Partial Correlation EI  
(r, p-value) 

VV a  

(r, p-value) 

FA MO 0.285, <0.001 0.197, 0.07 
P 0.229, 0.07 0.305, 0.004 
CP 0.315, <0.001 0.190, 0.08 
PLIC 0.664, <0.001 0.632, <0.001 
CR 0.720, <0.001 0.635, <0.001 
SWM 0.132, 0.12 0.275, 0.13 

MD MO 0.013, 0.88 0.175, 0.10 
P − 0.077, 0.37 − 0.018, 0.87 
CP − 0.104, 0.22 0.029, 0.79 
PLIC 0.107, 0.21 0.152, 0.15 
CR − 0.007, 0.93 0.105, 0.34 
SWM − 0.032, 0.71 0.090, 0.41 

AxD MO 0.199, 0.019 0.344, 0.01 
P 0.196, 0.02 0.320, 0.003 
CP 0.305, <0.001 0.314, 0.003 
PLIC 0.635, <0.001 0.666, <0.001 
CR 0.614, <0.001 0.628, <0.001 
SWM 0.005, 0.95 − 0.022, 0.69 

RD MO − 0.205, 0.01 − 0.015, 0.89 
P − 0.161, 0.05 − 0.146, 0.18 
CP ¡0.261, 0.002 − 0.128, 0.24 
PLIC ¡0.511, <0.001 ¡0.485, <0.001 
CR ¡0.522, <0.001 ¡0.389, <0.001 
SWM − 0.054, 0.52 0.173, 0.11 

Abbreviations: EI = Evans Index; VV = Ventricle Volume; FA = Fractional 
Anisotropy; MD = Mean Diffusivity; AxD = Axial Diffusivity; RD = Radial 
Diffusivity; MO = Medulla Oblungata; P = Pons; CP = Cerebral Peduncle; PLIC 
= Posterior Limb of the Internal Capsule; CR = Corona Radiata; SWM =
Subcortical White Matter; CTRL = controls; PSP-wvd = Progressive Supra-
nuclear Palsy without ventricular dilatation; PSP-vd = PSP with ventricular 
dilatation; iNPH = Idiopathic Normal Pressure Hydrocephalus. 

a Normalized for the total intracranial volume. 

Fig. 3. Schematic representation of three models of 
the CST fibers (in red) compressed by the ventricular 
dilatation (real MRI ventricles in coronal view). (A) 
Normal EI, no CST alterations (CTRL and PSP-wvd 
patients); (B) EI > 0.31, increment of FA and AxD 
(PSP-vd patients); (C) EI > 0.37, increment of FA and 
AxD and decrement of RD (iNPH patients). The 
brightest color of the CST fibers represents the most 
affected regions, the internal capsule, and the corona 
radiata. Abbreviations: CTRL = controls; PSP-wvd =
Progressive Supranuclear Palsy without ventricular 
dilatation; PSP-vd = PSP with ventricular dilatation; 
iNPH = Idiopathic Normal Pressure Hydrocephalus; 
FA = Fractional Anisotropy; AxD = Axial Diffusivity; 
RD = Radial Diffusivity. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the web version of this article.)   
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the work reported in this paper. 
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