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and in the CC area II including the corresponding bilateral 
callosal radiation tracts that could not be identified in both 
control samples, supporting the prominent PSP-associated 
frontal involvement as a potential neuroimaging marker. 

 © 2014 S. Karger AG, Basel 

 Introduction 

 Progressive supranuclear palsy (PSP) is pathologically 
characterized by tau protein deposition, neuronal loss, 
and gliosis affecting the brainstem, subcortical and corti-
cal structures  [1–3] . Two main clinical subtypes have 
been described, i.e. a ‘classical’ presentation classified as 
Richardson’s syndrome (PSP-RS) and a subtype charac-
terized by a more Parkinson’s disease (PD)-like presenta-
tion in the early disease course classified as PSP-parkin-
sonism (PSP-P)  [4] . In the diagnostic workup, magnetic 
resonance imaging (MRI) signs of PSP include promi-
nent midbrain and pons atrophy, which have been com-
bined in the conventional MR parkinsonism index  [5, 6] . 
Volumetric/morphometric MRI studies have shown 
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 Abstract 

  Background:  Frontal lobe involvement is considered a clini-
cal and magnetic resonance imaging (MRI) feature in later 
stages of progressive supranuclear palsy (PSP).  Objective:  
Diffusion tensor imaging (DTI) was used to investigate the 
integrity of frontal pathways in PSP and Parkinson’s disease 
(PD) patients.  Methods:  DTI and 3-D MRI were performed in 
15 PSP patients (parkinsonism subtype: n = 8; Richardson 
subtype: n = 7), 15 PD patients, and 18 matched controls. DTI 
analysis was performed in order to identify differences along 
frontal white matter structures including the corpus callo-
sum (CC) and was complemented by atlas-based volumetry 
and planimetry.  Results:  Significantly reduced regional frac-
tional anisotropy was observed for PSP patients versus con-
trols and PSP versus PD patients, respectively, in frontal areas 
including the area II of the CC and bilaterally in the callosal 
radiation. The DTI findings correlated with frontal lobe vol-
umes. These differences were not observed between PD pa-
tients and controls.  Conclusion:  DTI identified a PSP-associ-
ated microstructural alteration pattern in the frontal lobes 
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frontal atrophy in PSP  [7, 8]  and have demonstrated tis-
sue loss in fronto-/mesiotemporal cortices and prefrontal 
regions in addition to the central midbrain and basal gan-
glia  [9, 10] . 

  Diffusion tensor imaging (DTI) is established as a ro-
bust MRI tool to perform in vivo investigations of white 
matter (WM) neuronal tracts via fractional anisotropy 
(FA) mapping combined with reconstruction of fiber 
pathways  [11, 12] . In a recent meta-analysis  [13] , the au-
thors concluded that DTI may be a promising paraclini-
cal biomarker in neurodegenerative parkinsonian syn-
dromes and may have a future role in differential diagno-
sis  [14] . DTI has previously been applied to PSP and has 
demonstrated diffusivity abnormalities in frontoparietal/
frontotemporo-occipital connections and the corpus cal-
losum (CC)  [15] . 

  Based on these results, it was considered promising to 
specifically address the fiber structures of the CC as a fo-
cus of the neurodegenerative process in neurodegenera-
tion with parkinsonism. The CC is increasingly recog-
nized as an important structure to demonstrate regional 
WM degeneration in various neurodegenerative diseases. 
This assumption is generally accepted in disorders with 
prominent corticospinal tract degeneration, i.e. motor 
neuron disorders  [16] , since there is a focal atrophy of the 
motor area III according to the scheme proposed by 
Hofer and Frahm  [17] . For example, DTI could demon-
strate area III deterioration also in a sample of patients 
with corticobasal syndrome  [18, 19] . 

  The present study was designed to investigate the in-
tegrity of frontal pathways in PSP patients compared to 
PD patients and age- and gender-matched controls by use 
of DTI. It was hypothesized that the anterior CC shows 
microstructural WM alterations. Three techniques were 
combined, namely (1) the hypothesis-free approach of 
whole brain-based voxelwise comparison to identify sig-
nificant voxel clusters; (2) tractwise fractional anisotropy 
statistics (TFAS) to analyze the deterioration of the asso-
ciated fiber bundles, and (3) atlas-based planimetry and 
atlas-based volumetry (ABV) for a fully automated volu-
metric analysis at whole-brain basis  [20]  and additional 
measurement of midsagittal callosal planes for a correla-
tion analysis with the DTI results.

  Materials and Methods 

 Subjects and Clinical Characterization 
 All patients underwent standardized clinical-neurological and 

routine laboratory examinations and were diagnosed by two 
movement disorder specialists according to standardized consen-

sus criteria for PSP  [1]  and the UK PD Society Brain Bank Clinical 
Diagnostic Criteria for PD. All subjects gave written informed con-
sent for the MRI protocol according to the institutional guidelines. 
The study was approved by the Ethical Committee of the Univer-
sity of Ulm and therefore performed in accordance with the ethical 
standards laid down in the Declaration of Helsinki.

  Fifteen PSP patients (7 of PSP-RS and 8 of PSP-P subtype  [4] ) 
were compared to 15 subjects with PD and 18 age- and gender-
matched controls. The patient groups did not differ in age: this was 
controlled for since age is associated with atrophy, especially in the 
frontal lobe  [21] . Details of subject characteristics are listed in  ta-
ble 1 . Clinical scores included Unified Parkinson’s Disease Rating 
Scale (UPDRS) motor scale (part III) and a frontal function screen-
ing with the Frontal Assessment Battery (FAB)  [22] .

  MRI Acquisition 
 MRI scanning was performed on a 1.5-tesla Magnetom Sym-

phony (Siemens Medical, Erlangen, Germany). The DTI study 
protocol was identical for patients and controls and consisted of 
4 × 13 volumes (64 slices, 128 × 128 pixels, slice thickness 2.8 mm, 
pixel size 2.0 mm × 2.0 mm), representing 12 gradient directions 
and one scan with gradient 0 (b = 0). The echo time (TE) and repe-
tition time (TR) were 95 and 8,000 ms, respectively; b was 800 s/
mm 2 . For ABV, a T1-weighted 3-D magnetization-prepared rapid-
acquisition gradient echo (MP-RAGE) was recorded for each sub-
ject (TR 9.7 ms, TE 3.93 ms, inversion time 880 ms, flip angle 15°, 
matrix size 256 × 256 pixels, field of view 250 mm, 192 slices, vox-
el size 0.96 × 0.96 × 0.96 mm 3 ).

  Postprocessing of DTI Data 
 The DTI analysis software Tensor Imaging and Fiber Tracking 

(TIFT)  [11, 12]  was used for postprocessing and statistical analysis. 
After iterative template-specific normalization to the Montreal 
Neurological Institute (MNI) stereotaxic frame  [23] , FA maps were 
calculated from MNI-normalized DTI data. During the normaliza-
tion process, voxel tensors were recalculated preserving the orienta-
tional information [which is important for fiber tracking (FT)] ac-
cording to techniques described by Alexander et al.  [24] . Since FA 
values reflect the shape of the voxel tensors, voxel-related FA values 
basically remain unchanged during the normalization process. 
Thus, modifications in FA maps due to the normalization process 
are due to altered voxel position and, as a main contribution, due to 
the consecutive smoothing process. A Gaussian smoothing filter of 
8-mm full-width half maximum  [25]  was applied to the individual 
normalized FA maps. For smoothing, the fact that the filter size in-
fluences the results of DTI data analysis  [26]  requires application of 
the matched filter theorem which states that the width of the filter 
used to process the data should be tailored to the size of the expect-
ed difference. An 8-mm full width at half maximum Gaussian filter 
was applied for smoothing within the whole brain-based statistical 
analysis in order to achieve a good balance between sensitivity and 
specificity  [11, 25] . In order to evaluate the choice of the filter size, 
different filter kernels from 6 to 10 mm were applied showing only 
subtle effects on the general results, i.e. frontal involvement in PSP 
(online suppl. fig. 1; see www.karger.com/doi/10.1159/000367693 
for all online suppl. material). In a consecutive step, clusters of dif-
ferences were obtained by statistical methods provided in the statis-
tical analysis section. In general, a threshold cluster size of 512 vox-
els (corresponding to a sphere with a radius of approximately 2 ac-
quisition voxels) is to be considered an appropriate choice  [25] .
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  Tractography 
 In order to apply group-based FT algorithms, averaged DTI data 

sets were generated from the patients’ and controls’ data according 
to the methods described previously  [12, 25, 27] : seeds for FT were 
defined in the CC areas I–III within the midsagittal plane. Seeds for 
FT had an extent of a sphere with a radius of 5 mm, i.e. 5 voxels. 
Online supplementary figure 2 illustrates the seeds for FT in callosal 
areas I, II, and III, respectively. Tracts originating in CC area I de-
scribe callosal radiation to/from superior frontal gyrus WM, tracts 
originating in CC area II describe callosal radiation to/from middle 

frontal gyrus WM, and tracts originating in CC area III describe cal-
losal radiation to/from precentral gyrus WM  [28] . The voxels of the 
corresponding fibers were defined as a group-specific mask for the 
following TFAS  [12] . By this approach, the fiber tracts that were cre-
ated on the averaged DTI data set of all subjects of the control group 
were used for the selection of the voxels that contribute to a com-
parison between the patients’ and controls’ FA maps. All resulting 
voxels with an FA value above 0.2 were considered for statistical 
analysis by use of the Mann-Whitney U test. 

Table 1. Subject characteristics

Subjects Male/
Female

Age, years UPDRS Disease
duration, years

FAB

Subjects
PSP 15 10/5 71 (66 – 77) 35 (29 – 41) 3 (2 – 5) 9 (6 – 11)
PSP-RS 7 4/3 69 (64 – 74) 38 (35 – 41) 4 (3 – 5) 9 (5 – 11)
PSP-P 8 6/2 75 (71 – 78) 33 (26 – 40) 3 (2 – 4) 10 (6 – 13)
PD 15 11/4 67 (54 – 73) 26 (17 – 38) 4 (1 – 7) n/a
Controls 18 13/5 66 (62 – 70) n/a n/a n/a

Statistical differences
Kruskal-Wallis (3 groups) – – 0.08 – – –
PSP versus PD – – 0.18 0.29 0.11 –

Data are given as median (interquartile range) or numbers. Statistical significance across both patient groups (PSP and PD) and con-
trol subjects in Kruskal-Wallis ANOVA on ranks. The age distribution among the three groups showed a value of 0.08, and Mann-
Whitney U test of age of PSP patients versus age of PD patients showed a value of 0.18, so that both comparisons yielded no significant 
differences. n/a = Not applicable or not available.

Individual FT: male subject, 60 years

FT from identical seed points:

FT from individual full-size areas:

Area I Area II Area III

  Fig. 1.  Examples for individual FT with 
seed points in areas I–III for a 60-year-old 
male control. Upper row: FT from identical 
seed points. Lower row: FT from individu-
al full-size areas I–III for individual data 
sets. Projectional FT views are overlaid on 
a projectional view of the individual b = 0 
scan.  
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  For a comparison with group-averaged FT, individual FT was 
performed with FT from identical seed points as well as with FT 
from full-size areas I–III for individual data sets ( fig. 1 ). FT mass 
was defined as the number of voxels contributing to the tracts.

  ABV and Planimetry 
 The fully automated ABV method is based on algorithms of 

SPM (Wellcome Department of Imaging Neuroscience, London, 
UK; http://www.fil.ion.ucl.ac.uk/spm) and masks derived from a 
probabilistic brain atlas provided by the Laboratory of Neuroimag-
ing (LONI) at the University of California, Los Angeles, Calif., 
USA [LONI Probabilistic Brain Atlas (LPBA40); http://www.loni.
ucla.edu/Atlases]  [29] , and has been fully described previously  [20, 
30] . For the purpose of the current study, the volumes of the fron-
tal lobes were measured, and in addition also the total brain vol-
umes (i.e. the sum of grey matter and WM volumes) and the areas 
of the midsagittal cross sections of the CC and its segments I–V 
according to the definition by Hofer and Frahm  [17] . After multi-
plication of the segmented WM compartment with a midsagittal 
plane, the CC areas within this plane were determined by an auto-
mated parcellation procedure coded in MATLAB ®  script and fol-
lowing the description of the CC parcellation. Volumetric mea-
sures were corrected for intracranial volumes as assessed by ABV 
according to Huppertz et al.  [20] . 

  Statistical Analysis 
 Demographic and clinical variables for pairs of groups were 

compared using a Mann-Whitney U test. Statistical significance 
across both patient groups (PSP and PD) and control subjects was 
tested by Kruskal-Wallis analysis of variances (ANOVA) on 
ranks.

  Voxelwise statistical comparison (whole brain-based spatial 
statistics; WBSS) between the patients’ FA maps and the controls’ 
FA maps was performed by Mann-Whitney U test. Results were 
corrected for multiple comparisons using the false discovery rate 
(FDR) algorithm  [31]  at p < 0.05. A clustering procedure  [25]  was 
used for further reduction of type I and type II errors. Statistical 
comparison of TFAS was performed by Mann-Whitney U test. For 
all analyses, FA values below 0.2 were not considered for calcula-
tion  [32] .

  ABV volumes and area distribution were tested on group dif-
ferences by Mann-Whitney U test. 

  The FA values of frontal regions of interest (ROIs) and ABV-
based results were correlated using Spearman correlation analysis. 
Additionally, Spearman correlation of FA values and ABV values 
to FAB scores as well as to UPDRS scores was performed.

  Results 

 Whole Brain-Based Statistical Analyses 
 The WBSS comparison of the FA values between the 

PSP patients and the control sample at the group level 
showed extensive clusters of regional FA reductions
(p < 0.01, FDR-corrected). Two main clusters could
be observed bihemispherically in the frontal lobes, lo-
calized right and left of area II of the CC ( fig. 2 a, left 
panel;  table 2 ). In order to subdivide these two main 
clusters, correction for multiple comparisons was per-
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PSP vs. PD, p < 0.05, FDR-corrected
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p
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  Fig. 2.   a  Results of the whole brain-based analysis at the group 
level. Left: PSP patients versus controls. Right: PSP patients versus 
PD patients. Results are displayed on the b = 0 data set of the sub-
ject-averaged data.  b  FT with seeds in the CC; areas I–III in group-

averaged data sets of controls complemented by results of the 
TFAS for controls (CO), PD patients, and PSP patients. Fiber tracts 
were provided as projectional views; background is the b = 0 data 
set.  *  *  p < 0.001.  
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formed at a more rigorous threshold of p < 0.01 ( ta-
ble 2 ). Compared with the PD sample, PSP patients also 
showed bihemispheric FA reductions in the frontal 
lobe at FDR-corrected p < 0.05, adjacent to the CC 
( fig. 2 a, right panel). Only one small cluster of FA dif-
ferences between PD and controls could be observed, 
with no clusters being localized in frontal or CC areas 
( table 2 ).

  In order to evaluate the choice of the filter size, differ-
ent filter kernels from 6 to 10 mm were applied showing 
low effects on the general results, i.e. frontal involvement 
in PSP (online suppl. fig. 1).

  FT and TFAS 
 TFAS was performed using FT on group-averaged 

controls’ DTI data. As WBSS showed the highest differ-
ences for clusters lateral to areas I–III of the CC, a further 
data-driven analysis was performed on FT seeds located 
in areas I–III of the CC. The TFAS analysis demonstrated 
highly significant (p < 0.001) differences both between 
PSP patients and controls as well as between PSP and PD 
patients in the fibers within the CC areas I and II. In area 
III of the CC, TFAS showed highly significant differences 
between all groups with highest FA values for controls 
and lowest FA values for PSP, while PD showed interme-
diate results ( fig. 2 b).

 Table 2.  Results of the voxelwise comparison of FA maps of the subject groups (WBSS)

 Clusters of WBSS

cluste r size hemisphere MNI, x/y/z p value anatomical localization (peak voxel)

PSP versus controls (p < 0.01, FDR-corrected)
13,430 R 17/1/39 <0.0001 frontal lobe (middle frontal gyrus WM)

8,581 L –17/10/39 <0.0001 frontal lobe (middle frontal gyrus WM)
8,240 R 16/–4/7 <0.0001 striatum
3,390 L –11/–5/4 <0.0001 striatum
3,389 R 29/–39/19 <0.0001 temporal lobe (supramarginal gyrus WM)
4,843 L –35/–39/8 <0.0001 temporal lobe (superior temporal gyrus WM)

PSP versus PD (p < 0.05, FDR-corrected)
2,761 L –15/–1/45 <0.0001 frontal lobe (cingulate gyrus WM)
2,605 R 16/26/21 <0.0001 frontal lobe (cingulate gyrus WM)
2,374 L –23/0/17 <0.0001 midbrain
2,014 R 44/–50/–3 <0.0001 midbrain

769 L –14/–44/6 <0.0001 limbic lobe (cingulum hippocampal part)

PD versus controls (p < 0.05, FDR-corrected)
793 R 29/–32/12 <0.0001 corticospinal tract

 p values from Mann-Whitney U test.

Table 3. Group-averaged results for ABV and planimetry

ABV and planimetry

left frontal lobe, ml right frontal lobe, ml CC area I, mm2 CC area II, mm2 brain volume, ml

Controls 156.8 (145.2 – 168.6) 156.6 (144.8 – 168.3) 147.7 (124.0 – 161.3) 129.0 (107.7 – 150.5) 1,080.7 (1,013.2 – 11,478)
PD 142.4 (129.3 – 155.5)* 140.5 (126.8 – 154.4)* 138.9 (112.1 – 165.9) 122.8 (98.2 – 147.1) 0.998.8 (923.2 – 1,075.2)*
PSP 137.0 (124.6 – 149.6)* 135.3 (122.1 – 148.4)* 133.9 (119.2 – 148.4)* 113.7 (104.1 – 123.1)* 0.976.5 (914.3 – 1,038.0)*

Values are medians (interquartile range), normalized to intracranial volume. * p < 0.01, significant difference by Mann-Whitney 
U test. 
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  Results for individual FT ( fig. 1 ) were statistically com-
pared at the group level (online suppl.  table 1 ) and con-
firmed the results of the group-averaged FT (TFAS) for 
CC areas I and II. For CC area III, slight differences in the 
statistical comparison between group-averaged FT and in-
dividual FT were found. The FT mass values of individual 
FT are summarized in online supplementary table 2.

  ABV and Planimetry 
  Table 3  shows group-averaged results of ABV. ABV 

results were normalized to total intracranial volume. The 
frontal lobe volumes, CC areas I and II as well as the brain 
volumes were significantly reduced in the PSP patients 
compared to controls (CC parcellation failed in 1 PSP 
subject due to a very thin CC; this subject was excluded 
from statistical analysis of planimetric results). Signifi-
cant reductions could also be found for brain volumes 

and for frontal lobe volumes in PD patients compared to 
controls, but there was no reduction for the callosal areas 
I and II in PD patients. For the PSP subjects, left and right 
frontal lobe volumes as determined by ABV showed sig-
nificant correlations with the averaged FA values of ROIs 
in the left and right frontal lobe (ROI, 20 mm), respec-
tively ( fig. 3 ). Median ROI FA values (interquartile range) 
at the group level were 0.27 (0.23–0.31) and 0.27 (0.22–
0.30) for the left and right frontal lobe, respectively. Dis-
tribution was approximately normal (three-sigma rule), 
and no intragroup outliers could be found. No significant 
correlation could be found between FA values and frontal 
lobe volumes with UPDRS and FAB scores, although 
there was a trend for decreased lobe volumes with low 
FAB scores and also decreased FA values with low FAB 
scores. No significant correlation with UPDRS values or 
trend was found.

0.2
100 120 140 160 180

Volume/mm3

Left frontal lobe

200

0.3

0.4

FA

C = 0.77
p < 0.001

0.2
100 120 140 160 180

Volume/mm3

Right frontal lobe

200

0.3

0.4

FA

C = 0.65
p < 0.01

 Table 4.  Differences of TFAS (p values) for individual FT from Mann-Whitney U test

FT (CC area I) FT (CC area II)  FT (CC area III)

controls PSP PD controls PSP PD cont rols PSP PD

Controls x 0.001* 0.37 x <0.001** 0.14 x 0.02* 0.33
PSP <0.001** x 0.01* <0.001** x <0.05* <0.001** x 0.15
PD 0.11 0.04* x 0.06 0.006* x <0.05* <0.05* x

 Light grey: p values for FT from identical seed points. Dark grey: p values for FT from individual full-size areas I–III for individual 
data sets. * p < 0.05; ** p < 0.001.

  Fig. 3.  Analysis of PSP patients’ data: correlation between volumes of the left and right frontal lobes as determined by ABV with aver-
aged FA values in ROIs in the ipsilateral frontal lobes. C = Correlation coefficient.         
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  Discussion 

 DTI-based metrics, i.e. FA results for the frontal lobes 
and tractography for the frontal CC, together with auto-
matic volumetry of the frontal lobes were found to differ-
entiate PSP patients from PD patients and healthy con-
trols. DTI results for the frontal lobes and tractography 
for the frontal CC were found to differentiate PSP pa-
tients from PD patients and healthy controls. In summa-
ry, this multiparametric MRI analysis demonstrated 
widespread microstructural WM alterations of the fron-
tal lobes in PSP due to reduced FA values at group level 
(as shown by WBSS) and WM alterations in callosal ra-
diation from CC area II (as shown by TFAS). Addition-
ally, the values of the ROI-based FA analysis correlated 
with frontal lobe volumes (as assessed by fully automated 
volumetry). An alternative approach to spatial smoothing 
is tract-based spatial statistics (TBSS  [33] ) which poten-
tially resolves especially for low-cluster extent, and this is 
of minor advantage in studies with large clusters like the 
present one.

  These findings expand the previously known results of 
conventional and diffusion-weighted MRI  [6, 34–37] . In 
a recent DTI study in PSP, metrics of the CC and supe-
rior cerebellar peduncles were found to be the best pre-
dictors of global disease severity scale scores  [38] ; here, an 
alternative postprocessing cascade was used, estimating 
the diffusion tensor using the DTIfit toolbox (http://
www.fmrib.ox.ac.uk/fsl/). Our data demonstrate that es-
pecially the frontal subdivisions of the CC, i.e. areas I and 
II according to the scheme proposed by Hofer and Frahm 
 [17] , were affected. The study is in line with an MR trac-
tography study in PSP patients in which increased mean 
diffusivity values were described in the anterior CC  [39] . 
In contrast to this study which was performed at 3.0 T 
with 49 gradient directions, the current study showed the 
applicability of the hypothesis-driven approach to a clin-
ical protocol at 1.5 T with a low number of gradient direc-
tions. It is possible that the results may improve with the 
use of a DTI scanning protocol with a higher number of 
gradient directions. The results are also in concordance 
with previous findings of disrupted thalamocortical con-
nectivity in 18 PSP patients who were multiparametri-
cally investigated by functional MRI, TBSS, and voxel-
based morphometry  [40] . Here, WM loss was observed in 
the cerebellum, brainstem, and regions of the posterior 
frontal lobes. Furthermore, the pattern of frontal FA re-
duction is in agreement with the fact that a frontal cortical 
neurodegeneration is considered to be a pervasive patho-
logical abnormality in PSP. The frontal atrophy, some-

times visually detectable, is a repeatedly reported imaging 
feature of PSP and was quantitatively confirmed by the 
ABV measurements in this study. However, the frontal 
lobe involvement is an imaging sign of PSP which has not 
been addressed in many previous investigations. In the 
present study, the microstructural WM alterations of the 
corresponding anterior subdivisions within the CC were 
specifically addressed. Given that the location of the atro-
phy within the CC is related to the location of cortical 
atrophy, with the CC degradation resulting from axonal 
degeneration due to the cortical alterations, the predom-
inance of atrophy in the anterior CC portion is in line 
with one main focus of cortical atrophy being localized in 
the frontal lobes  [41] . This atrophy pattern seems to be a 
particular feature of PSP  [42] . 

  Widespread frontal connections of the CC were shown 
to be affected, as summarized in  table 2 , according to Oi-
shi et al.  [28] . It could be shown that the callosal radia-
tions within the medial frontal network showed the main 
alterations. The largest clusters identified by the WBSS 
analysis comparing PSP patients and controls were local-
ized in the bilateral WM adjacent to the middle frontal 
gyrus and the striatum. The middle frontal gyrus and its 
WM connections form a high-order heteromodal asso-
ciation area and are critically involved in complex brain 
functions such as attention, decision making on the basis 
of current exteroceptive and interoceptive information, 
and planning of actions. These medial frontal structures 
are a subcortical network which in particular subserves 
the execution of integrated motivated behaviors and ex-
erts influence on the voluntary motor system. The latter 
functional connection is via the cingulate areas (which 
were also found to be affected in the comparison of PSP 
vs. PD patients)  [43] . In addition, the medial frontal net-
work is connected with many limbic structures including 
the amygdala and has a mesencephalic extension (the 
midbrain was also observed to be involved in the com-
parison of PSP vs. PD patients in our study). The network 
is also connected to the basal ganglia including the stria-
tum which also showed large clusters of FA reductions in 
our study and which, at the functional level, has classi-
cally been regarded as a part of the motor system, but has 
gradually been identified to participate in cognitive func-
tions. Finally, within the large number of connections of 
the medial frontal network including the anterior tempo-
ral lobe, areas with significant FA reductions included the 
WM adjacent to the supramarginal gyrus, which is a con-
nection area to the parietal lobe, and the WM connections 
of the superior temporal gyrus, which is considered a clas-
sic polymodal area  [43] .
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  The microstructural alterations identified by WBSS 
are, thus, located in many sub-structures of the frontal 
networks which are interconnected particularly with the 
limbic circuits, so that it may be assumed that these find-
ings are the correlate of functional impairment of atten-
tion, decision making, planning and sequencing of ac-
tions, and emotionality. These domains might be in-
volved in the frontal dysfunctions associated with PSP, 
but have not been investigated in detail with respect to 
the neuropsychological phenotype of the patient sam-
ple, so that these anatomical-clinical associations re-
main speculative in the context of the current study.

  Our study showed that DTI-based MRI analysis may 
provide an in vivo estimate of brain microstructural al-
terations in PSP with special focus on frontal areas. In 
the differentiation of the PSP patients from the PD pa-
tients, it can be maintained that only slight differences 
in the frontal lobes and CC area II were observed in the 
comparison between PD patients and controls and that 
the comparison between PSP and PD patients also 
showed a frontal involvement similar to the comparison 
with controls. To this end, the observer-independent 
volumetric approach of ABV which was used for the 
correlation analyses in this study has to be explored with 
respect to its potential to differentiate the patterns of re-
gional brain atrophy in neurodegenerative parkinsonian 
syndromes in multi-center studies, then with higher 
subject numbers, to account for the interscanner vari-
ability of the ABV measurements  [20] . Beyond the scope 
of neurodegenerative parkinsonism, other neurodegen-
erative diseases with involvement of the CC, such as mo-
tor neuron diseases, might be investigated with respect 
to frontal CC WM alterations in association with fron-
tal/frontotemporal atrophy as a potential technical 
marker.

  This study has several limitations, which are firstly 
due to the retrospective evaluation of the clinical presen-
tation without the inclusion of pathologically confirmed 
cases. However, all patients were evaluated in a stan-
dardized fashion by two board-certified neurologists 
and movement disorder specialists, and the diagnosis of 
PSP was based on standardized consensus criteria  [1, 
44] . With respect to subtypes, the diagnosis of PSP-P in 
the present study was made according to recent interna-
tionally accepted recommendations and their clinical 
differentiation is retrospective by definition  [4, 45] . It is 
a special aspect of the present study that the less com-
mon PSP-P subtype accounted for half of the PSP sam-
ple, but this was due to the fact that these patients were 
specifically subjected to this advanced MRI protocol. 

Due to the small sample size, a direct comparison of the 
PSP-RS and PSP-P groups was not performed. As an-
other limitation, the frontal involvement in PSP requires 
correlation analyses with advanced clinico-neuropsy-
chological findings (such as Wisconsin Card Sorting 
Test, Tower of London, Working Memory tasks, and 
nonverbal fluency) in future imaging studies, while the 
neuropsychological data in this study were scarce (FAB 
as a screening tool) and showed only trends in correla-
tion with FA values and ABV results. Furthermore, FAB 
was only available for the PSP group and was not as-
sessed in PD patients and controls. Third, the study was 
hypothesis-guided by specifically addressing the frontal 
lobes and the anterior CC as structures of interest – al-
though a whole brain-based approach was used in the 
voxelwise comparison of FA maps, which then demon-
strated the largest regional changes in areas which had 
been included in the a priori hypothesis. Furthermore, 
most patients included were in rather advanced stages of 
the disease, while it is widely accepted that the MRI signs 
are mostly less pronounced in the early stages of parkin-
sonism  [42] ; future longitudinal investigations should, 
therefore, follow in order to assess the usefulness of the 
DTI applications to neurodegenerative parkinsonism 
during early disease stage. 

  As a further limitation, in the current study, a DTI 
protocol with only 12 gradient directions was used, al-
though a (substantially) higher number of gradient di-
rections is generally agreed to be preferable for FT on 
an individual basis. However, as high-resolution data 
were not available from clinical routine scans, as a solu-
tion it was suggested to analyze DTI data with a low 
number of gradient directions at the group level, similar 
to other current studies  [15, 38] . For DTI data with a low 
number of gradient directions, individual FT analysis 
could show intersubject variability (especially concern-
ing FT mass) which might account for inaccuracies in 
statistical comparisons when only 12 gradient direc-
tions are available, as it was the case in the current study. 
Here, group-averaged DTI was used to resolve inaccu-
racies of individual FT which could result from DTI 
scans with a low number of gradient directions. The 
MNI normalization techniques used in this study  [46]  
have shown high accuracy, and thus, group-averaged 
DTI for TFAS  [47]  is preferred over individual FT. 
However, individual FT and group-averaged FT show 
coinciding results for CC areas I and II when comparing 
the underlying FA values at the group level; only for CC 
area III, results slightly differ, most probably due to 
higher variability in FT mass (online suppl. table 2).
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  Conclusion 

 DTI can be used to assess frontal pathway deteriora-
tion with involvement of the anterior CC in PSP patients. 
The findings indicate that DTI may offer a promising ap-

proach to contribute to the establishment of neuroimag-
ing markers in PSP. Whether this measure will emerge as 
a neuroimaging-based marker in PSP has yet to be estab-
lished and will require additional prospective large-scale 
multiparametric MRI studies.
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