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A B S T R A C T : Background: Idiopathic normal pressure
hydrocephalus can present with parkinsonism. However,
abnormalities of the striatal dopamine reuptake transporter are unclear.
Objectives: To explore presence and features of striatal
dopaminergic deﬁcit in subjects with idiopathic normal
pressure hydrocephalus as compared to Parkinson’s disease (PD) patients and healthy controls.
Methods: We investigated 50 subjects with idiopathic normal pressure hydrocephalus, 25 with PD, and 40 healthy
controls. All participants underwent [123I]-N-ω-ﬂuoropropyl2β-carbomethoxy-3β-(4-iodophenyl)nortropane and singlephoton emission computed tomography to quantify the
striatal dopamine reuptake transporter binding. All subjects
with idiopathic normal pressure hydrocephalus underwent a
levodopa (L-dopa) challenge test and magnetic resonance
imaging to evaluate ventriculomegaly and white matter
changes. Gait, cognition, balance, and continence were
assessed with the Idiopathic Normal Pressure Hydrocephalus Rating Scale, and parkinsonism with the motor section of
the Movement Disorder Society-Uniﬁed Parkinson’s Disease
Rating Scale. All patients completed a 2-year follow-up.

Results: A total of 62% of patients with idiopathic normal pressure hydrocephalus featured a reduced striatal
dopamine reuptake transporter binding, which correlated
with the severity of parkinsonism but not with features of
ventriculomegaly or white matter changes. Unlike PD,
this dopaminergic deﬁcit in idiopathic normal pressure
hydrocephalus was more symmetric and prominent in
the caudate nucleus.
Conclusions: Subjects with idiopathic normal pressure
hydrocephalus can present a reduction of striatal dopamine reuptake transporter binding, which is consistent
with the severity of parkinsonism and qualitatively differs
from that found in PD patients. Longitudinal interventional studies are needed to prove a role for striatal
dopamine reuptake transporter deﬁcit in the pathophysiology of idiopathic normal pressure hydrocephalus. ©
2020 International Parkinson and Movement Disorder
Society
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Introduction
Idiopathic normal pressure hydrocephalus (iNPH) is a
neurological disease that affects up to 3% of subjects
over 65 years.1,2 It is characterized by progressive locomotor, cognitive, and urinary disturbances, but its onset
can be very heterogeneous, and it often mimics other
neurodegenerative diseases, thus causing misdiagnosis
and treatment delays.2–5 In particular, up to 71% of
subjects with iNPH can present parkinsonian features.2,3,6 Because many patients have balance and locomotor difﬁculties (ie, slowness, shufﬂing steps, freezing
of gait, en bloc turns, and impaired balance with falls),
gait impairment of iNPH can closely resemble the features of Parkinson’s disease (PD) and it is often classiﬁed
as “higher-level gait disorder” (HLGD).4,7 Additionally,
more than 60% of iNPH patients show bradykinesia
and asymmetric symptoms at onset.2,3 The reasons of
this clinical resemblance are largely unknown, but
recent molecular imaging ﬁndings suggested a role for
the striatal dysfunction in iNPH pathophysiology.8
Molecular imaging of presynaptic nigrostriatal neurons with [123I]-N-ω-ﬂuoropropyl-2β-carbomethoxy-3β(4-iodophenyl)nortropane (FP-CIT) and single-photon
emission computed tomography (SPECT) consistently
shows abnormalities of dopamine reuptake transporter
(DAT) binding in PD patients and correlates with disease severity.9 Instead, in iNPH DAT changes remain
unclear and range from normal to pathological ﬁndings
in up to 46% of the subjects.10–12
Here, we investigated the striatal DAT binding with
FP-CIT SPECT in subjects with iNPH as compared to
PD patients and healthy controls (HC). We also
assessed the correlation between striatal FP-CIT binding
and motor impairment in iNPH patients and explored
the relationship between SPECT ﬁndings and magnetic
resonance imaging (MRI) features of ventriculomegaly
and white matter abnormalities.

Methods
Study Design
Between January 2016 and March 2018, as a ﬁrst
cross-sectional part of a larger prospective study, we
evaluated clinical and molecular imaging ﬁndings of
patients with iNPH and PD, recruited at the
“Parkinson’s Disease and Movement Disorders Unit”
of the IRCCS Mondino Foundation in Pavia (Italy). In
particular, we explored FP-CIT SPECT differences
among 50 subjects with iNPH, 25 with newly diagnosed PD, and 40 age-matched HC. Controls were individuals who had no neurological symptom and a
normal neurological examination. Patients performed
FP-CIT SPECT on average 3 months after the clinical
and MRI assessment. After molecular imaging, iNPH

2

Movement Disorders, 2020

patients were treated with levodopa (L-dopa) 600 mg
daily (200 mg t.i.d.) for at least 3 months followed by
an acute challenge test with L-dopa 250 mg. The signiﬁcant improvement with L-dopa was established as at
least 30% reduction in the motor section of the Movement Disorder Society-sponsored revision of the Uniﬁed
Parkinson’s Disease Rating Scale (MDS-UPDRS
III).13,14 Study population was followed up for at least
2 years.

Clinical and MRI Assessment
All patients were clinically evaluated by a movement
disorder specialist and underwent an MRI protocol
with a 3T MRI scanner (32-channel head coil, Siemens
Skyra, Syngo MR D13C version, Erlangen, Germany).
We acquired diffusion-weighted imaging (DWI),
FLAIR, dual echo proton density (PD)-T2, and T2*
sequences in axial planes, covering the whole brain. We
also obtained a three-dimensional T1 MPRAGE
sequence (TR = 2300, TE = 2.95, TI = 900, 270 sagittal
slices with no gap, voxel size: 1.1 × 1.1 × 1.2, acquisition time: 50 1500 ). The local Institutional Review Board
approved the study and all participants gave written
informed consent.
Probable iNPH was diagnosed according to the International Guidelines.15 In particular, the diagnosis of
iNPH was conﬁrmed by Evans’ index >0.30 and at
least 1 of the following supportive features at MRI15,16:
acute callosal angle on reformatted coronal T1weighted images at the level of the posterior commissure (perpendicular to the anterior commissure–
posterior commissure plane); aqueductal or fourth ventricular ﬂow void on PD-T2-weighted sagittal images;
and disproportionately enlarged subarachnoid space
hydrocephalus (DESH) (ie, obliteration of the highconvexity sulci on reformatted axial T1-weighted
images and dilation of the Sylvian ﬁssures on
reformatted coronal T1-weighted images). We performed a qualitative assessment of the callosal angle,
which was deﬁned as acute when lower than 90 as in
the original study.17 We also evaluated periventricular
and deep white matter hyperintensities on axial FLAIR
images with the Fazekas scale.18
We excluded causes of secondary hydrocephalus (ie,
positive history of head trauma, intracerebral hemorrhage, meningitis) as well as other neurological, psychiatric (ie, major depression), or general medical
conditions explaining the clinical presentation. In addition, neurological examination of subjects with iNPH
did not show any red ﬂag sign suggestive of atypical
parkinsonism.
A tap test (ie, large volume lumbar puncture) removing at least 40 mL of cerebrospinal ﬂuid (CSF) was performed, also to ascertain that the CSF opening pressure
was within the 70–245 mmH2O range.15 A positive
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response was deﬁned as at least 10% improvement of
10-meter seconds or steps 5 hours after the tap test.19
Subjects with a negative response to the tap test
(14 patients) underwent an external lumbar drainage
lasting 4 days and removing 100–150 mL of CSF per
day. They all had a positive response as deﬁned
earlier.19
In iNPH patients, gait, cognition, balance, and continence were evaluated with the iNPH Rating Scale.20
We also considered 2 gait patterns of iNPH as previously described7: a disequilibrium subtype of HLGD
(phenotype 1) (ie, wide base and externally rotated feet)
and a locomotor subtype of HLGD (phenotype 2) (ie,
normal base, start hesitation, freezing of gait, shufﬂing
steps, and en bloc turning).
Subjects with PD were diagnosed according to the
Movement Disorder Society criteria.21 In all patients
with either PD or iNPH, the severity of parkinsonian
signs was assessed by means of the MDS-UPDRS III,13
and cognition with education-adjusted scores of the
Mini Mental State Examination (MMSE).22
A surgical CSF diversion was offered to all patients,
and 12 subjects declined in favor of a “wait and see”
approach given their mild impairment of activities of
daily living and/or fear of surgery. All iNPH patients
who underwent surgery had a sustained improvement
of their condition; these subjects have been included in
a recently published trial detailing shunt outcome.19

Molecular Imaging
All patients (PD and iNPH) and HC underwent SPECT
with FP-CIT to measure striatal DAT binding. All subjects with iNPH were tested before eventual surgical
intervention. Scans were acquired 180 minutes after injection of 182.4  3.6 MBq of FP-CIT on a dual-headed
SPECT system (Inﬁnia, GE Healthcare, Eindhoven, Netherlands) equipped with a fan-beam collimator (step-andshoot mode, 1 frame/4 /45 seconds, photopeak window
of 159 keV  15%, matrix 128 × 128). Reconstruction
was performed on a Xeleris platform (GE Healthcare)
with ﬁltered back projection pre-ﬁltering with Butterworth cut-off of 0.55 cycles/cm and order 10.
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(AAL),25 VOI were deﬁned comprising paired VOI for
caudate nucleus, putamen, and whole striatum, and
large bilateral occipital lobe VOI. After the delineation
of the VOI on the normalized data, VOI-based partial
volume correction was performed with PMOD considering a spatial resolution of 12 mm at full width at
half maximum (FWHM).26,27 Finally, we calculated
the average regional uptake values in the VOI and
SBR for caudate nucleus, putamen, and striatum for
both hemispheres using the occipital cortex as reference region:28



average counts per voxel VOI
−1: ð1Þ
average counts per voxel VOI OCCIPITAL

Due to partial volume effect and its possibly insufﬁcient correction when using tight striatal VOI, we conﬁrmed the results of SBR with a second quantiﬁcation
procedure (ie, the Southampton method), which is
based on the speciﬁc uptake size index (SUSI) in the
striatum.29 For this analysis, summed striatal images
were created for each individual, containing the slice
with the hottest striatal voxel and 5 slices on either side.
In a second step, a region of interest (ROI) of standard
shape and large dimensions was manually placed
around the left and the right striatum on the twodimensional summed striatal images. Furthermore, we
deﬁned a standardized reference ROI, which incorporated the whole brain in the summed image except for
the striatal regions. Of note, large striatal VOI may also
involve low count rates from nearby gray and white
matter or CSF. However, possible group differences
between subjects with iNPH, PD patients, and HC
would also apply for background VOI, and thus we
considered this effect negligible. The striatal binding
ratios were calculated assuming a striatal volume of
11.4 mL as previously described29,30:


background subtracted total counts ROI STRIATUM
Volume STRIATUM
× count concentration ROI REFERENCE:
ð2Þ

Image Analysis
All image data were processed and analyzed using
the relevant toolboxes of PMOD image analysis software version 4.0 (PMOD Technologies Ltd, Zurich,
Switzerland). Semiquantitative evaluation of SPECT
data was applied to calculate the speciﬁc binding ratio
(SBR) of FP-CIT as a direct measure of count concentration in striatal volumes of interest (VOI). Individuals’ SPECT data were normalized to a dedicated FPCIT SPECT template in the standard anatomical space
of the Montreal Neurological Institute (MNI).23,24
Based on the Automated Anatomic Labeling Atlas

Outcome Measures and Statistical Analysis
Demographic and clinical data were tested with t or
χ2 test as appropriate.
Concerning molecular imaging, we ﬁrst evaluated
how many iNPH and PD patients showed a pathological reduction of striatal DAT binding. In this regard,
we deﬁned a reference range by computing the mean
SBR of HC for striatum, caudate, and putamen of both
hemispheres and considering 2 SD as upper and lower
limits for normal DAT binding. We computed the
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number of subjects with iNPH and PD showing pathological SBR reductions in the more depleted striatum
(ie, falling outside this reference range) and for the caudate and putamen values separately.
We then compared SBR values of iNPH and PD
patients with HC for caudate nucleus and putamen, separately. We ensured the normal distribution of the data
in each group and then performed a 2-tailed ANOVA,
corrected for multiple comparisons with Dunnett’s test.
To assess the lateralization of SBR changes, we computed the asymmetry index (AI) as previously
described:29,30
ðSBR STRIATUM MORE – SBR STRIATUM LESSÞ
x 200,
ðSBR STRIATUM MORE + SBR STRIATUM LESSÞ

ð3Þ
where MORE and LESS refer to the striatum with the
higher and lower SBR values with respect to the contralateral hemisphere, respectively.31,32 A t test was used
to compare AI between iNPH and PD groups.
To analyze whether subjects with iNPH and PD
showed a distinctive reduction of striatal uptake, we
also calculated the caudate/putamen ratio (C/P ratio) as:
SBR CAUDATE LESS
,
SBR PUTAMEN IPSI

ð4Þ

where LESS refers to the caudate with the lowest SBR
value and IPSI to the putamen of the same hemisphere.
We then tested whether the C/P ratio could differentiate
iNPH from PD by means of a logistic regression analysis, where the diagnosis (iNPH vs. PD) was the dependent variable, and the C/P ratio was the independent
variable. We used a receiver operating characteristic
(ROC) analysis to identify the optimal cut-off value.
We also investigated the correlation between SBR of
caudate nucleus and putamen, and the severity of parkinsonian signs as measured with the MDS-UPDRS III
score in subjects with iNPH and PD. Finally, in iNPH
patients we explored the correlation between striatal
SBR values, symptoms evaluated with iNPHRS scores,
response to tap test, and MRI features of
ventriculomegaly and white matter abnormalities. With
this regard, we performed a multivariate analysis and
computed Spearman’s ρ. For all analyses, we considered
P < 0.05 as signiﬁcant.
Statistical analyses were performed by means of JMP
statistical package, version 13 (SAS Institute,
Cary, NC).

Results
Demographic, clinical, MRI, and SPECT features of
the recruited subjects are shown in Table 1. Patients
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and HC did not differ with respect to gender and age.
Subjects with iNPH and PD were also similar in terms
of MDS-UPDRS III, whereas MMSE scores were lower
in iNPH patients (vs. PD: P < 0.05; vs. HC: P < 0.01).
Because we recruited only subjects with newly diagnosed PD, the 2 patients groups differed with regard to
disease duration (P < 0.01).
Seventeen (34%) subjects with iNPH featured a phenotype 1, whereas 33 (66%) showed a phenotype
2. MDS-UPDRS III score was higher in iNPH patients
with phenotype 2 as compared to those with phenotype
1 (22.3  8.3 vs. 8.4  5.1, respectively: P < 0.001).
Similar differences were found in bradykinesia
(9.5  6.2 vs. 3.1  2.2: P < 0.001), rigidity (3.3  2.1
vs. 0: P < 0.001), and axial scores (8.1  2.4
vs. 3.8  1.9: P < 0.001).
All subjects with PD showed a marked improvement
with dopaminergic treatment. In contrast, no iNPH
patient signiﬁcantly responded to L-dopa, neither after
chronic treatment nor after acute challenge test. No
patient’s diagnosis was converted into atypical parkinsonism during the 2-year follow-up period.

SPECT Findings across Groups
With respect to the reference range of HC, 31 (62%)
subjects with iNPH showed a pathological decrease of
striatal DAT binding, when considering the most
affected hemisphere. The number of iNPH patients with
reduction of SBR values increased to 37 (74%) when
taking into account only the most affected caudate
nucleus and decreased to 26 (52%) when considering
only the most affected putamen (Fig. 1). The FP-CIT
binding of striatum and putamen of the most affected
side was pathological in all subjects with PD. SBR values
of the most affected caudate nucleus were reduced in
10 (40%) PD patients. No age-related difference
between groups was identiﬁed with respect to striatal,
putamen, and caudate SBR values. For further comparisons, only the most affected hemisphere was considered.
We found that striatal SBR values were similar
between subjects with iNPH (entire cohort, including
both phenotypes) and PD (2.7  0.4 in both groups)
and reduced in both cohorts when compared to HC
(3.4  0.3: P < 0.05). In particular, the average caudate
binding of subjects with iNPH was lower than that of
PD patients (2.6  0.4 vs. 2.8  0.4, respectively:
P < 0.05) and both groups differed from HC
(3.4  0.3: P < 0.01) (Fig. 2). The average putaminal
SBR values were instead lower in subjects with PD than
iNPH patients (2.4  0.3 vs. 2.8  0.5, respectively:
P < 0.05) and—again—both differed from HC
(3.4  0.4: P < 0.01) (Fig. 2). The lateralization of the
SBR reduction differed between iNPH and PD, showing
a greater AI in PD as compared to iNPH (6.5  3.6
vs. 2.7  1.8, respectively: P < 0.01). The C/P ratio also
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TABLE 1. Demographic, clinical, MRI, and SPECT features of the sample

Gender (male/female)
Age at FP-CIT SPECT (years)
Disease duration (years)
MMSE (score)
MDS-UPDRS III (score)
iNPHRS gait (score)
iNPHRS neuropsychology (score)
iNPHRS balance (score)
iNPHRS continence (score)
iNPHRS total (score)
Evans’ index
Acute callosal angle
Flow void
DESH
Fazekas scale for PWM (score)
Fazekas scale for DWM (score)
More affected striatum SBR
More affected striatum SUSI SBR

iNPH
(n = 50)
26/24
74.4  4.5
2.7  1.1
24.2  3.1
18.1  14.0
62.9  18.5
87.5  9.5
66.4  17.3
84.9  8.7
72.9  16.6
0.37  0.04
37 (74.0)
21 (42.0)
42 (84.0)
2.2  0.9
1.6  0.7
2.73  0.42
3.63  1.05

PD
(n = 25)
13/12
71.0  5.6
1.3  0.4
26.8  5.4
17.1  8.0
–
–
–
–
–
–
–
–
–
–
–
2.55  0.31
3.20  0.89

HC
(n = 40)
18/22
73.0  4.5
–
28.2  1.6
–
–
–
–
–
–
–
–
–
–
–
–
3.42  0.32
5.78  0.88

Abbreviations: DESH, disproportionately enlarged subarachnoid space hydrocephalus; DWM, deep white matter; FP-CIT SPECT, single-photon emission computed tomography with [123I]-N-ω-ﬂuoropropyl-2β-carbomethoxy-3β-(4-iodophenyl)nortropane; HC, healthy controls; iNPH, idiopathic normal pressure hydrocephalus; iNPHRS, iNPH Rating Scale; MDS-UPDRS III, Movement Disorder Society-sponsored revision of the Uniﬁed Parkinson’s Disease Rating Scale, motor
section; MMSE, Mini Mental State Examination; PD, Parkinson’s disease; PWM, periventricular white matter; SBR, speciﬁc binding ratio; SUSI, speciﬁc uptake
size index.
Data are shown as number of patients (%) or mean  SD. Disease duration was calculated from the onset of motor symptoms to the age at FP-CIT SPECT.

FIG. 1. Individual caudate and putamen DAT binding values of iNPH patients with respect to HC. The individual DAT binding (SBR value) for caudate
nucleus and putamen of all iNPH patients is reported. Black and white dots refer to the more and less affected sides, respectively. The mean values
and reference (normative) intervals (2 SD) of HC are reported as full and dashed lines, respectively. Values falling below this interval were considered
pathological. DAT, dopamine reuptake transporter; HC, healthy controls; iNPH, idiopathic normal pressure hydrocephalus; SBR, speciﬁc binding ratio.

differed between iNPH and PD (0.83  0.12
vs. 1.09  0.14: P < 0.01), and the value of 0.94 distinguished iNPH from PD with speciﬁcity of 90% and
sensitivity of 86.7% (logistic regression, R2 = 0.45,
P < 0.01) (Fig. 3). In particular, a reduction of C/P ratio
of 0.1 was associated with an odds ratio of 3.80 (95%

conﬁdence interval = 2.14–6.75) for the diagnosis
of iNPH.
When exploring the between-phenotype differences
within the iNPH group, striatal SBR values were found
lower than HC in 5 of 17 (29.4%) iNPH patients with
phenotype 1 and in 26 of 33 (78.8%) iNPH patients
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with phenotype 2 (P < 0.01). The average of putamen
SBR values (2.3  0.2 vs. 2.6  0.2: P < 0.01) and caudate SBR values (2.7  0.4 vs. 3.0  0.3: P < 0.01)
were lower in phenotype 2 than phenotype 1.

Discussion
In this study, we found that iNPH patients can present reduced striatal DAT binding as compared to HC
and a pattern of DAT reduction different from that of

Correlation Analysis of SPECT Findings
In the iNPH group, we did not detect any correlation
of FP-CIT binding of putamen and caudate nucleus
with disease duration. In PD patients, DAT binding of
putamen, but not of caudate nucleus, inversely correlated with disease duration (ρ = −0.18, P = 0.03).
In subjects with iNPH (entire cohort), we found an
inverse correlation between the MDS-UPDRS III score
and SBR values for the caudate nucleus (ρ = −0.25,
P = 0.01) and the putamen (ρ = −0.26, P = 0.008)
(Fig. 4). The correlation was also detected when considering iNPH patients with phenotype 2, both for the
caudate nucleus (ρ = −0.28, P = 0.005) and the putamen (ρ = −0.30, P = 0.003). In PD patients, we found
an inverse correlation (ρ = −0.56, P = 0.004) between
the MDS-UPDRS III score and SBR values of the most
affected putamen, whereas no correlation was identiﬁed
with caudate SBR values.
Finally, we did not show any correlation of DAT
binding of putamen and caudate nucleus with domains
of the iNPH Rating Scale, response to tap test, or MRI
features of ventriculomegaly and white matter changes
(ie, Evans’ index, acute callosal angle, DESH, and
Fazekas scale).

FIG. 3. ROC analysis of the caudate/putamen ratio. The ROC curve of
the logistic regression of SBR values of the most affected side
predicting diagnosis between PD and iNPH is reported. We used iNPH
as positive level. The area under the curve equals to 91.7%. iNPH, idiopathic normal pressure hydrocephalus; PD, Parkinson’s disease; ROC,
receiver operating characteristic; SBR, speciﬁc binding ratio.

FIG. 2. DAT binding reduction in iNPH, PD, and HC. The box-plots show the different DAT binding (SBR value) in caudate nucleus and putamen of the
most affected hemisphere for iNPH and PD as well as for HC. For each group the single values (dots), the mean values, and the 95% conﬁdence intervals (box-plots) are reported. For sake of comparison between groups, caudate mean DAT densities are connected by a red line, and putamen mean
values are connected by a blue line. Horizontal bars denote signiﬁcant differences (*P < 0.05, **P < 0.01). DAT, dopamine reuptake transporter; PD,
Parkinson’s disease; HC, healthy controls; iNPH, idiopathic normal pressure hydrocephalus; SBR, speciﬁc binding ratio.
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FIG. 4. Correlation of MDS-UPDRS III with caudate and putamen DAT binding in iNPH. The scatterplot matrix shows the inverse correlation between
caudate DAT values and severity of the motor impairment as assessed with the MDS-UPDRS III. Ellipsoids represent the 95% conﬁdence intervals.
Putamen DAT values also show an inverse correlation with MDS-UPDRS III scores. Caudate and putamen DAT values instead show a direct correlation. DAT binding of the most affected hemisphere is reported. DAT, dopamine reuptake transporter; iNPH, idiopathic normal pressure hydrocephalus;
MDS-UPDRS III, Movement Disorder Society-sponsored revision of the Uniﬁed Parkinson’s Disease Rating Scale, motor section.

PD. Unlike the consistent, lateralized, and mainly
putaminal DAT loss displayed by PD patients, the
reduction of DAT binding in subjects with iNPH was
mainly present in patients with the locomotor subtype
and—when impaired—it was more symmetric and
prominent in the caudate nucleus. Accordingly, the
computation of the C/P ratio distinguished the two conditions with speciﬁcity of 90% and sensitivity of 86.7%
(Fig. 3). Moreover, we showed a correlation between
striatal DAT loss and motor impairment evaluated with
the MDS-UPDRS III, without any correlation with
motor and non-motor domains of the iNPH Rating
Scale or MRI features. The correlation was driven by
the group of patients with more prominent gait involvement (ie, phenotype 2).
Few studies investigated the DAT loss in subjects with
iNPH and reported inconsistent results.10–12 Hence, the
relevance of FP-CIT SPECT in iNPH is still questioned.
Ouchi et al.11 assessed 8 iNPH patients and described a
preserved presynaptic activity in the nigrostriatal dopaminergic system that was associated with a reduction of
postsynaptic D2 receptors, thus suggesting a prominent

striatal alteration in iNPH. On the contrary, DAT deﬁcit
in iNPH was reported by 2 studies.10,12 In particular,
Broggi et al.10 found a striatal DAT loss in 47% and
Allali et al.12 in 31% of subjects with iNPH. These studies did not categorize patients on the basis of the type of
motor impairment (balance vs. locomotion). Furthermore, and in contrast with these studies, we highlighted
the DAT deﬁcit of caudate nucleus as an important feature in iNPH, particularly if compared to the prominent
putaminal loss in PD. In fact, these 2 previous studies
did not take into account a partial volume effect as possible methodological drawback of acquisition and analysis of SPECT scans.
Studies in animal models of iNPH reported a concomitant impairment of locomotor performances and
nigrostriatal dopaminergic activity as measured by
means of tyrosine hydroxylase immunoreactivity
assays.33,34 Our results in subjects with iNPH support
these preliminary ﬁndings in animal models of iNPH
and suggest that an impairment of dopaminergic system
may be associated with parkinsonism in iNPH. Recent
MRI studies in iNPH promoted the hypothesis of a
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direct structural damage of the striatum due to ventricles enlargement.35,36 These authors indeed reported
diminished volume of caudate nucleus in iNPH
patients35 and abnormal diffusion tensor imaging metrics in the posterior limb of the internal capsule,
improving after shunt surgery.36 The role of dopaminergic deﬁcit at the caudate level is supported by existing literature37: a study with dopaminergic positron
emission tomography (PET) showed evidence of more
prominent (predominantly right) caudate nucleus denervation in PD patients with freezing of gait,38 also in
keeping with dopaminergic PET studies in patients
receiving fetal graft implants, which have linked gait
improvement with the restoration of dopaminergic
transmission in the caudate nucleus.39,40
The idea that striatal DAT loss may be directly
induced by structural distortion of nigrostriatal ﬁbers
caused by altered CSF dynamics is tempting, but DAT
deﬁcits in iNPH may also rely on an independent neurodegenerative process.3,41–43 Alternatively, these
2 mechanisms may co-exist and interact with each
other.44 Direct assessments of DAT binding changes
after pharmacological and surgical treatments are
needed to unveil the mechanism of DAT reduction in
iNPH, which remain currently unclear.3,4 With this
aim, longitudinal evaluations are ongoing in our center.
Our study presents some limitations, and the ﬁndings
should be interpreted with caution. First, we cannot
rule out a ROI misplacement. We normalized SPECT
images to the MNI template using the PMOD spatial
normalization routine, but an uptake bias cannot be
excluded given the anatomical distortions in iNPH.
Moreover, the partial volume effect might enlarge this
bias by altering striatal VOI count concentration of
subjects with morphologic brain changes.11,30,45 We
accounted for these issues by using 2 quantiﬁcation
methods26,29 with distinctive approaches to both partial
volume loss and morphologic irregularities, and we
obtained congruent ﬁndings (ie, strong linear correlation of binding ratios and consistent differences of binding values between groups). Still, because both the
whole brain and the large striatal ROI also include ventricular spaces, this additional analysis cannot
completely rule out a ROI misplacement bias. Second,
we analyzed the ventriculomegaly according to conventional MRI features (eg, Evans’ index) and did not perform an automated volumetry, thus we cannot exclude
a correlation between DAT binding and this accurate
MRI parameter. Third, the diagnosis of probable iNPH
was performed relatively soon after disease onset on
clinical grounds, in absence of brain pathology. However, all the criteria of the current guidelines were fulﬁlled, and we also conducted a follow-up for at least
2 years in all subjects, thus minimizing the possibility of
phenoconversion into atypical parkinsonisms or other
mimics. In addition, all shunted patients had a
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sustained improvement, in keeping with a recent proposal of characterizing iNPH diagnosis on the basis of
shunt response.43
In conclusion, our data provide evidence for an
impairment of the nigrostriatal dopaminergic system in
iNPH with a characteristic pattern of predominant
DAT deﬁcit symmetrically involving the caudate
nucleus. Prospective studies are needed to disentangle
the mechanism of these alterations and fully elucidate
their role in the disease. Moreover, a co-registration of
SPECT and MRI images will be needed to overcome
the possible bias of ROI misplacement and to conﬁrm
our ﬁndings. With these advancements, it will be possible to better address whether the DAT deﬁcit in iNPH
can be reversed with shunt surgery, thus paralleling the
clinical improvement of iNPH patients, a research question currently investigated in our centre.
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