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Abstract
Purpose The purpose of this study was to develop an
observer-independent algorithm for the correct classification
of dopamine transporter SPECT images as Parkinson’s
disease (PD), multiple system atrophy parkinson variant
(MSA-P), progressive supranuclear palsy (PSP) or normal.
Methods A total of 60 subjects with clinically probable PD
(n=15), MSA-P (n=15) and PSP (n=15), and 15 age-
matched healthy volunteers, were studied with the dopamine
transporter ligand [123I]β-CIT. Parametric images of the
specific-to-nondisplaceable equilibrium partition coefficient
(BPND) were generated. Following a voxel-wise ANOVA,
cut-off values were calculated from the voxel values of the
resulting six post-hoc t-test maps. The percentages of the
volume of an individual BPND image remaining below and
above the cut-off values were determined. The higher
percentage of image volume from all six cut-off matrices
was used to classify an individual's image. For validation,
the algorithm was compared to a conventional region of
interest analysis.

Results The predictive diagnostic accuracy of the algorithm
in the correct assignment of a [123I]β-CIT SPECT image
was 83.3% and increased to 93.3% on merging the MSA-P
and PSP groups. In contrast the multinomial logistic
regression of mean region of interest values of the caudate,
putamen and midbrain revealed a diagnostic accuracy of
71.7%.
Conclusion In contrast to a rater-driven approach, this
novel method was superior in classifying [123I]β-CIT-
SPECT images as one of four diagnostic entities. In
combination with the investigator-driven visual assess-
ment of SPECT images, this clinical decision support tool
would help to improve the diagnostic yield of [123I]β-CIT
SPECT in patients presenting with parkinsonism at their
initial visit.
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Introduction

The clinical assessment of an individual’s cerebral MRI,
PET or SPECT image is usually undertaken through the
investigator’s expert knowledge of the image characteristics
in healthy and diseased subjects. In clinical routine, the
identification of focal signal changes is frequently achieved
by visual inspection or region of interest (ROI) analysis.
The latter approach provides quantitative values making
this technique valuable for imaging studies. ROIs can be
delineated either with the help of a superimposed high-
resolution structural image or by the investigator’s a priori
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information on the signal characteristics of the image to be
analysed. Potential limitations of an investigator-driven
ROI approach are related to the a priori selected size, shape
and location of the brain area. For example in clinical
routine the assessment of [123I]-2β-carbomethoxy-3β-(4-
iodophenyl) tropane ([123I]β-CIT), a marker of dopamine
transporter (DAT) serotonin and noradrenergic transporter
availability, focuses primarily on the striatum as the brain
area with the highest DAT uptake, whereas other brain
regions, i.e. in the midbrain and pons, with somewhat lower
but still detectable specific [123I]β-CIT binding primarily to
the serotonin and noradrenergic transporter might be
disregarded. Additional difficulties may arise if the ana-
tomical information provided by the functional image
modality is insufficient for accurate coregistration to the
structural image modality.

Advances in the evaluation of focal signal changes
within the entire brain volume were achieved by trans-
forming individual images into a standardized image space
allowing voxel-by-voxel statistical comparisons between
patient groups independent of an a priori hypothesis on the
brain area to be analysed [1]. Following the identification
of significant voxel clusters at the group level, the resulting
voxel clusters are suggested for inclusion in the visual
rating or ROI analysis for individual subjects. However,
difficulties may be encountered if numerous voxel clusters
are delivered by the between-group analysis, which, for
further analysis, need to be (1) transposed to an individual
subject image and (2) introduced to a decision tree handling
multiple parameters for assigning a subject’s individual
image to a diagnosis.

Recently, voxel-based analyses of cerebral DAT
distribution measured by single photon emission com-
puted tomography (SPECT) in patient cohorts with
Parkinson’s disease (PD), Parkinson variant of multiple
system atrophy (MSA-P), progressive supranuclear palsy
(PSP) and healthy controls have identified multiple
significant voxel clusters in the basal ganglia, midbrain
and pons [2]. Further stepwise discriminant analysis of
mean values revealed distinct ROIs with the potential to
classify subjects.

To improve the accuracy of the patients’ diagnosis
we hypothesized in the present study that in addition to
the mean value of an entire voxel cluster, the shape,
size and precise location given by the voxel clusters
might serve as discriminants with the potential to
improve the diagnostic accuracy of quantitative image
analysis.

A clinical decision support system is an information
technology-based system designed to improve clinical
decision making, for example to help clinicians interpret
results obtained from clinical investigations, laboratory
tests and medical image datasets [3, 4]. The characteristics

of individual patients are matched to a computerized
knowledge base, and software algorithms generate patient-
specific information in the form of assessments or
recommendations. Basic components of a clinical deci-
sion support system include a medical knowledge base
(for example a set of rules) and an inference mechanism,
which matches the rules with a patient’s dataset to yield
a clinical recommendation, e.g. a diagnosis or a
therapeutic approach. A so-called supervised learning
approach is pursued, if the knowledge base is derived
from a set of training data from patients with a clinically
definite diagnosis. The performance of the system can
then be measured by the proportion of misclassified test
cases.

We present a decision support system, referred as
computer-assisted image analysis (CAIA), that was tested
to assign DAT SPECT images to the diagnoses of PD,
MSA-P, PSP and normal cerebral DAT distribution based
on the a priori information of the disease-specific distribu-
tion of reduced DAT availability in the entire image. CAIA
was tested in a proof-of-principal study design. Finally, the
observer-independent CAIA algorithm was validated
against a manual ROI approach entered in a multinomial
regression model.

Material and methods

Subjects

Patients with MSA-P, PSP and PD (15 patients in each
group) matched for age and disease duration were
consecutively recruited at our movement disorder outpa-
tient clinic and compared with a group of 15 healthy
subjects matched for age. The clinical diagnosis of MSA-
P, PSP and PD was made according to established
criteria [5–7]. The demographic and clinical character-
istics of the patients and control subjects are presented in
Table 1.

A detailed clinical history and a careful neurological
examination were performed. All patients were followed
up clinically at least for 3 years to guarantee best
possible diagnostic accuracy. In addition to [123I]β-CIT
SPECT, cerebral MRI was performed in order to exclude
those with severe white matter, vascular or space-
occupying lesions within the cerebrum. Motor disability
related to parkinsonism was assessed in all patients
following 12 h off drugs using part III of the Unified
Parkinson’s Disease Rating Scale [8]. This study was
approved by the Ethics Committee of Innsbruck Medical
University. Consent was obtained from all subjects in
accordance with the requirements of the Declaration of
Helsinki.
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Radiopharmaceutical preparation

[123I]β-CIT was obtained from the Austrian Research
Center, Seibersdorf. Radiolabelling, radiochemical purity,
radiopharmaceutical safety and dosimetry of the tracers
have been reported elsewhere [9].

Scanning protocol

After blockade of thyroid uptake with 600 mg sodium
perchlorate orally 30 min before tracer administration,
patients and controls received a bolus dose of 148–
185 MBq [123I]β-CIT intravenously. The patient’s head
was positioned in a head holder by means of a crossed
laser beam system. Data acquisition started 18 h after
tracer administration and lasted for 42 min and 40 s [10].
All scans were performed with a dual-detector ADAC
VertexPlus scintillation camera (EPIC detector system,
VXHR collimator) with a spatial resolution of 12 mm
full-width at half-maximum in the transaxial plane.
Camera heads were equipped with low-energy collima-
tors. For each scan, a total of 64 projections (80 s per
frame) were collected in step-and-shoot mode. The image
data were reconstructed by standard filtered back-
projection using a gaussian weighted ramp filter (cut-off
frequency 0.38, order 20) and attenuation was corrected
using Chang’s first-order method (attenuation coefficient
μ=0.12 cm−1).

Data analysis

The reversible binding characteristics and the stability of
regional [123I]β-CIT uptake 18 h after administration
permitted estimation of the binding potential which was
calculated according to the equilibrium model introduced
by Laruelle et al. [10]. [123I]β-CIT binding potential
(specific-to-nondisplaceable equilibrium partition coeffi-
cient, BPND) was determined as the ratio of specifically
bound radioligand to nondisplaceable ligand in the occipital
cortex. Under equilibrium conditions, BPND has been

shown to be proportional to Bmax, the maximum receptor
concentration, and can be computed for every voxel from
the equation [11]:

BPND = [(counts per minute/voxel)VT − (counts per
minute/voxel)VND]/(counts per minute/voxel)VND, where
VND is the distribution volume of the nondisplaceable
compartment relative to the total concentration of ligand in
plasma and VT is the distribution volume of total ligand
uptake in tissue relative to the total concentration of ligand
in plasma [12].

Calculation of ROIs

For validation of the classification algorithm by multino-
mial regression analysis, five ROIs were outlined by
inspection of transversal [123I]β-CIT SPECT images using
the software package MRICro 1.37 [13]. The images
included the head of the caudate nucleus (circle, diameter
10 mm), the putamen (two circles, diameter 10 mm each)
and the midbrain (circle, diameter 16 mm). ROIs were
positioned on the anatomically more detailed raw data
[123I]β-CIT image in native space and subsequently
transferred to the parametric [123I]β-CIT BPNDimage of
identical image space for calculation of mean values. Right
and left caudate and putaminal [123I]β-CIT uptake was
averaged for each subject to allow statistical analysis.

Statistical parametric mapping analysis

Image transformation, computation of BPND and statistical
analysis were conducted using SPM5 [1] implemented in
Matlab 7.01 (Mathworks, Sherborn, MA). As there is
insufficient anatomical detail in parametric images of
[123I]β-CIT BPND, an indirect approach introduced by
Rakshi et al. for [18F]fluorodopa PET images was
employed to achieve accurate spatial normalization [14].
Since a [123I]β-CIT raw data image and a summed [18F]
fluorodopa PET image provide similar anatomical informa-
tion, the raw data [123I]β-CIT image of each control subject
was normalized onto the in-house made [123I]β-CIT

Table 1 Demographic and clinical characteristics of patients with PD, MSA-P and PSP and control subjects. The data presented are means±SD,
15 subjects per group

Group Age (years) Sex (M/F) Disease duration (years) Motor score (unified Parkinson’s disease rating scale)

Control 64±8.7 9/6 – –

PD 61.3±6.8 10/5 1.7±0.8 21.5±7.2

MSA-P 61.8±9.3 8/7 2±0.8 38.9±10.7*

PSP 65.5±7.2 7/8 2±0.9 35.1±6.7*

Intergroup differences were calculated by one-way analysis of variance with post hoc least statistical significance correction.

*p < 0.001 vs. PD patients.
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template image in MNI (Montreal Neurological Institute)
space, and the resulting transformation parameters were
then applied to the corresponding subject’s parametric
BPND image [2]. To calculate VND, a mask of the occipital
cortex as defined by the Brodmann brain template provided
with the software package MRIcro 1.37 [13] was extracted
and transformed onto the [123I]β-CIT image by inverting
the deformation fields obtained when normalizing images
onto the [123I]β-CIT template image [15]. Consequently,
for each individual SPECT acquisition a parametric BPND
image was calculated. Parametric [123I]β-CIT images were
normalized into MNI space by applying the deformation
maps previously obtained.

Each group of subjects was randomly divided into a
training set comprising 12 subjects and a test set comprising
3 subjects [16]. The training sets were subjected to one-way
analysis of variance followed by the application of t-
contrasts in order to detect significant signal alterations
when comparing the PD, MSA-P, PSP and control groups.
SPM maps surviving a threshold of p < 0.001 at the cluster
level were further corrected for multiple comparisons
according to the random field theory [17]. Since DAT
densities are known to be low in the occipital lobe and the
cerebellum, a brain mask for those areas was created in
order to minimize voxels of no interest for multiple
comparison corrections. A total of 61,744 voxels were
analysed.

Subjects assigned to the test sets remained for validating
the classification procedure described below (Fig. 4). Data
were processed on a Windows XP workstation (Pentium 4,
Sony PCV-RS404).

Classification of patients according to computer-assisted
image analysis

Voxel clusters of significant differences between groups
obtained by t-contrasts from the analysis of variance
were extracted and cut-off values were calculated for
each single voxel as follows: (1) the means of the BPND
and its confidence intervals (95% CI) for each group were
calculated for each voxel and (2) the cut-off value for
each voxel was determined by averaging between the
lower boundary of the CI of one group and the upper
boundary of the other group, leaving six distinct matrices
of cut-off values between the four groups (Figs. 1 and 2).
All cut-off matrices were transposed to the image space
by inverting the deformation fields [15]. For each subject
from the test set the image volume above and below each
cut-off matrix was calculated and expressed as percentage
volume in relation to the entire cut-off matrix (PVCM).
The classification of a subject’s [123I]β-CIT image to a
diagnosis was performed in two steps (Fig. 2). First,
when comparing a subject's parametric BPND image with

the cut-off matrices, six assignments to one of four
possible diagnoses were obtained by classifying the
individual's [123I]β-CIT SPECT parametric image
according to the higher PVCM value. Second, the
classification to a diagnosis was made if a diagnostic
entity was hit three times according to the algorithm
illustrated in Fig. 3.

The entire procedure, referred to as one “run”,
comprising the randomization of patients to the training
and test set, the SPM analysis and the classification
algorithm, was performed using a random five-fold cross-
validation procedure [16] (Fig. 4). Each patient was
selected at least once in the training population. The
classification accuracy was calculated as average percent-
age of the overall numbers of classified cases related to all
cases in the test sets.

Fig. 1 Six voxel clusters representing significant between-group
[123I]β-CIT BPND t-contrasts (blue) following analysis of variance
were extracted from the SPM analysis and rendered on to stereotacti-
cally normalized 3-D MRI scans
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Reference method

CAIA was validated by the manual ROI approach outlined
above. Mean ROI values of the caudate, putamen and
midbrain were entered into a multinomial regression model
with a ridge estimator [18, 19] as reference method for the

assignment of a [123I]β-CIT image to one of four diagnostic
entities. Ridge regression models are often successfully
used in situations where correlations between the predictors
appear. For our experiments we used the implementation
provided by the Waikato Environment for Knowledge
Analysis package 3.4.13 [20].

Fig. 4 Diagnosis assignment procedure based on (a) 48 randomly
drawn individuals (12 from each group) followed by (b) the
assignment of the 12 remaining test patients (three from each group)
to one of the four diagnosis classes. The procedure was repeated five
times and the assignment of the test patients to a diagnostic entity was
averaged over the five runs

Inputs: percentage volumes of the entire cut-off matrix (PVCM)

Outputs: assigned diagnosis

IF

co > msa  AND co > psp AND co > ipd 

THEN group := co END 

{patient is assigned to control group}

ELSEIF

ipd > msa  AND ipd > psp AND ipd > co 

THEN group := ipd END

{patient is assigned to PD group}

ELSEIF

msa > ipd  AND msa > psp AND msa > co 

THEN group := msa END

{patient is assigned to MSA-P group}

ELSEIF

psp > msa  AND psp > ipd AND psp > co 

THEN group := psp END

{patient is assigned to PSP group}

ELSE

group:= no decision possible

END.

Fig. 3 Computer-assisted image analysis. Classification pseudocode
for the assignment of an individual's dopamine transporter SPECT
image to the diagnoses: normal (control group, co), Parkinson's
disease (pd), multiple system atrophy (msa) or progressive supra-
nuclear palsy (psp)

Fig. 2 Individual dopamine
transporter SPECT images
normalized to MNI space
showing different [123I]β-CIT
uptake patterns in the striatum
(upper row) and the brainstem
(lower row, arrows) of a healthy
control subject and patients with
Parkinson's disease (PD),
multiple system atrophy (MSA)
and progressive supranuclear
palsy (PSP). Numbers
correspond to the z coordinate
in MNI space
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Results

Patients

Patient groups and control subjects were matched for age.
Maximum disease duration did not exceed 3.5 years and
was not significantly different between PSP, MSA-P and
PD patients. MSA-P and PSP patients showed significantly
greater motor disability than PD patients as assessed by the
unified Parkinson’s disease rating scale (p < 0.001; Table 1).

ROI analysis of [123I]β-CIT SPECT

Regional mean [123I]β-CIT BPND values of the study
groups and the intergroup statistics are detailed in Table 2.
One-way analysis of variance showed significant decreases
in the caudate and putamen [123I]β-CIT uptake in MSA-P
(p < 0.001), PSP (p < 0.001) and IPD (p < 0.001) patients
versus normal control subjects. There was no significant
difference in striatal [123I]β-CIT uptake between MSA-P,
PSP and IPD patients. The midbrain 123I]β-CIT BPND
values were significantly lower in patients with MSA-P and
PSP than in those with PD and the control subjects, while
there was no significant difference in midbrain 123I]β-CIT
BPND between the PSP and MSA-P patients.

[123I]β-CIT SPECT SPM analysis of variance

SPM of parametric [123I]β-CIT BPND images revealed
significant decreases in BPND values in the striatum of
patients compared with controls (runs 1–5; p < 0.001,
corrected). Additional significant relative decreases were
seen in the ventral and dorsal midbrain and the pons in
MSA-P and PSP patients (areas of the red nucleus,
substantia nigra and raphe nuclei) compared with PD
patients (runs 1–5; p < 0.001, corrected). A significant
relative reduction of [123I]β-CIT uptake was further evident

in the caudate of patients with PSP when compared with
MSA-P patients (runs 1, 2 and 4, p < 0.001, corrected; runs
3 and 5, p < 0.01, corrected). No significant increases in
[123I]β-CIT BPND values were detected in MSA-P versus
PSP patients, in PD versus MSA-P and PSP patients or in
the control subjects versus the PD, MSA-P and PSP
patients.

Discrimination among control subjects, and PD, MSA-P
and PSP patients by computer-assisted image analysis

Overall, in five runs comprising a total of 60 independently
tested subjects, 50 subjects were correctly classified
(diagnostic accuracy 83.3 %; Table 3). In the PD and
MSA-P groups one patient each was randomly chosen
twice to enter the test sets, but in different RUNs. In the
control and in the PSP group, one patient each was
randomly drawn three times, again in different runs. Two
control subjects, two PSP patients, one PD patient and one
MSA-P patient were not selected for one of the test sets.
Overall, CAIA correctly classified every control subject of
the test sets and did not wrongly assign any of the patients
to the entity “normal cerebral DAT distribution”. Of the 15
PD patients, 13 were classified correctly; one PD patient
was falsely classified to the MSA-P group and one to the
PSP group. Of the PSP patients, 13 were correctly
identified; one PSP patients was incorrectly assigned to
the MSA-P group and one to the PD group. In none of the
patients was the result “no decision possible” (ELSE
condition in Fig. 3). The classification error increased in
the MSA-P group: nine test cases were discriminated
correctly, but five were wrongly assigned to the PSP group
and one to the PD group. Since the disease course and
therapeutic options in PSP and MSA-P are similar, these
groups were merged to a single cohort called "atypical
parkinsonian disorders" (APD). Applying the classification
procedure to patients with PD or APD and control subjects,
the diagnostic accuracy increased to 93.3%.

Discrimination among control subjects, and PD, MSA-P
and PSP patients by multinomial logistic regression

Multinomial logistic regression of mean ROI values of the
caudate, putamen and midbrain revealed a diagnostic
accuracy of 71.7% (Table 4). Of the 15 control subjects, 1
was incorrectly assigned to the PD group. Of the 15 PD
patients, 10 were correctly assigned and 5 were incorrectly
assigned, 2 to the control group, 2 to the MSA-P group and
1 to the PSP group. Of the 15 MSA-P patients, 9 were
correctly assigned and 6 were incorrectly assigned, 3 to the
PD group and 3 to the PSP group. Of the 15 PSP patients,
10 were correctly assigned and five were incorrectly
assigned, 1 to the PD group and 4 to the MSA-P group.

Table 2 Mean regional putamen and caudate [123I]β-CIT BPNP in
MSA-P, PSP and IPD patients and control subjects. Values are means
±SD

Group Caudate Putamen Midbrain

Control 10.4±1.5**** 10.5±1.4***,**** 2.4±0.6

PD 6.4±1.5*** 6.2±1.6*** 2.6±0.5

MSA-P 5.6±2.0***,**** 5.8±2.3*** 1.6±0.7*,****

PSP 3.4±2.0***,**** 3.7±1.9***,**** 1.4±0.9***,****

Differences between groups were tested by one-way analysis of
variance with post hoc least statistical significance correction.

*p < 0.05, **p < 0.01, ***p < 0.001, vs. controls.

****p < 0.01, vs. PD patients.
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After merging the MSA-P group and the PSP group (APD
group) the diagnostic accuracy increased to 88.3%.

Discussion

For the first time a fully automated and observer-
independent algorithm classifying individual images to
one of four diagnostic entities has been described and
evaluated using a [123I]β-CIT SPECT brain image dataset
including patients with PD, MSA-P or PSP and control
subjects with a normal cerebral DAT status (Fig. 2). Voxel
by voxel [123I]β-CIT SPECT between-group analysis
revealed alterations in monoaminergic transporter availabil-
ity in multiple brain areas including the caudate, putamen,
and midbrain as reported previously [2, 21]. When using
these regions as discriminants for classifying an individual
image, difficulties have been encountered as voxel clusters
of significant signal changes between patient groups partly
overlap. In a first approach, discrimination among subjects
has been achieved by extracting mean voxel cluster values
and subjecting them to a step-wise discriminant analysis [2,
21]. However, focusing the discrimination analysis on the
mean voxel cluster values alone limits the accuracy of the
classification procedure, as it does not account for either the
size of voxel clusters or the distinct variation of values
within the cluster.

In contrast, CAIA considers both focal differences in
[123I]β-CIT signal changes and the morphometry of signal
distribution. In a first step, signal changes have been
identified by performing a voxel-wise analysis of variance
with post hoc t-tests of individual parametric [123I]β-CIT
images using SPM. Instead of extracting the mean BPND
values of every voxel cluster, cut-off values for each single

voxel within the voxel clusters were calculated and
transposed onto the individual parametric image. Ideally
cut-off values should be spatially independent to account
for differences within a single voxel cluster. Voxels within a
SPECT image, however, are highly correlated due to the
low spatial resolution of the scanner and the processing of
images including reslicing and smoothing. The random
field theory implemented into SPM accounts for spatially
correlated voxels and yields significantly different voxel
clusters, which are assumed to be independent. For further
image analysis, however, rather than calculating the cut-off
value of each independent voxel cluster, the cut-off value of
each voxel within these clusters were calculated for two
reasons: (1) the determination of the cut-off values of each
independent voxel cluster results in numerous independent
parameters that would require a large number of subjects
for classification; (2) the cut-off values of each voxel within
a voxel cluster, although spatially correlated, provides
information on the anatomical size and shape and this
information would be lost if only independent clusters were
considered.

In order to account for the attributes “size” of significant
voxel clusters and “small number of independent varia-
bles”, the parameter “percentage volume of the entire cut-
off matrix” (PVCM) was calculated. The PVCM is an index
that represents the proportion of voxels of a parametric
BPND image that belong to one of two diagnostic entities.
Since the PVCM is computed from multiple voxels from
the parametric BPND image by inverting the deformation
fields, the morphometry of the voxel clusters localized on
the individual BPND image is taken into account as well.

The discrimination procedure resulted in high classifica-
tion accuracy which could not have been predicted by
visual inspection or ROI analysis of [123I]β-CIT SPECT

Clinical classification Predicted group by cerebral [123I]β-CIT distribution

Controls PD MSA-P PSP

Controls 15 (100%) 0 0 0

PD 0 13 (86.7%) 1 (6.7%) 1 (6.7%)

MSA-P 0 1 (6.7%) 9 (60%) 5 (33.3%)

PSP 0 1 (6.7%) 1 (6.7%) 13 (86.7%)

Table 3 Diagnostic classifica-
tion matrix according to
computer-assisted image
analysis of cerebral [123I]β-CIT
distribution

Bold indicates correct diagnosis.

Clinical classification Predicted group by cerebral [123I]β-CIT distribution

Controls PD MSA-P PSP

Controls 14 (93.3%) 1 (6.7%) 0 0

PD 2 (13.3%) 10 (66.7%) 2 (13.3%) 1 (6.7%)

MSA-P 0 3 (20%) 9 (60%) 3 (20%)

PSP 0 1 (6.7%) 4 (26.7%) 10 (66.7%)

Table 4 Diagnostic classifica-
tion matrix according to
multinomial logistic regression
analysis of the ROI analysis of
[123I]β-CIT binding in the
caudate, putamen and midbrain

Bold indicates correct diagnosis.
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images. The routine assessment of a [123I]β-CIT SPECT
image focuses primarily on the striatum as the brain area
with the highest DAT uptake, whereas regions of the brain
with somewhat lower but still detectable [123I]β-CIT uptake
lack anatomical information forcing the investigator to
generate an a priori assumption on the morphometry of the
region to be delineated. Even if the midbrain was included
in the manual ROI analysis, the diagnostic accuracy
revealed by the multinomial regression analysis was
inferior to CAIA, supporting the use of an observer-
independent voxel-driven approach. No a priori hypothesis
regarding the localization of SPECT signal is required by
CAIA, assuming that the spatial normalization and inver-
sion of deformation fields is precise. The accuracy of the
placement of voxel clusters was evaluated by comparing the
individual SPECT images with duplicate images generated by
spatial normalization onto the [123I]β-CIT template image
and inverting the obtained deformation fields of the
normalized SPECT image (results not reported here).

Neither the ROI analysis nor CAIA revealed any
significant differences in [123I]β-CIT signal distribution
within the striatum of the PD and MSA patients. Lower
caudate DAT and [18F]dopa signals have been reported in
MSA patients than in PD patients [22–24]. Our voxel-based
approach did not reproduce this finding, which might be
attributable to the variable variance of the ROI data as a
result of (1) not standardizing the positioning of the ROIs
without guidance of structural MRI scans, (2) different
scanner resolutions, and (3) the inclusion of patients in
early disease stages without reports on diagnostic re-
evaluation at follow-up visits. Predictive accuracy was high
when discriminating between healthy subjects and patient
groups. Good discrimination was also observed between
patients with PD and those with APD, which is due to the
reduced monoaminergic transporter availability in the
brainstem of MSA-P and PSP patients. This finding is
consistent with neuropathological observations showing
distinct neuronal loss in brainstem areas containing DAT-,
SERT- or NAT-bearing neurons such as the substantia nigra,
the locus coeruleus and the raphe nuclei in MSA-P and PSP
[25–30]. A higher error was evident in discriminating
between PSP and MSA-P patients as a result of overlapping
PVCMs in the brainstem and putamen which were due to a
lower level of significant differences in the BPND signal.

Regarding practicability and applicability, several issues
need to be considered. First, in the absence of post-mortem
verification, misdiagnosis cannot be entirely excluded.
However, clinical diagnoses were based on stringent
clinical criteria including follow-up visits over a period of
at least 3 years after the imaging study without a change in
diagnosis [31, 32]. At the expense of tight inclusion criteria,
the application of CAIA so far is constrained to patients
between 57 and 71 years of age, with a maximum disease

duration of 3.5 years, and no history of the use of selective
serotonin reuptake inhibitors. The algorithm was validated
in a proof-of-principle design in clinically definite cases. To
assess the predictive accuracy in routine clinical practice,
patients with a clinically uncertain diagnosis with subtle or
incomplete features of an idiopathic parkinsonian syndrome
need to be tested and validated against the clinical gold-
standard of a 1-year follow-up investigation by a movement
disorder specialist. Second, in order to minimize variability
between scans, the [123I]β-CIT images for the training and
test datasets have to be acquired on the same scanner,
restricting the application of CAIA to a particular tomograph,
unless phantom studies become available evaluating inter-
scanner calibration factors. Third, the low spatial resolution of
a conventional dual headed SPECT camera together with
partial volume effects lead both to spill-over effects from areas
with higher [123I]β-CIT uptake into adjacent brain areas and
to underestimation of the radioactivity concentration in small
objects [33–35]. Both effects limit the application of CAIA
to anatomical structures smaller than twice the full-width at
half-maximum resolution of the scanner.

Conclusion

CAIA provides an investigator-independent procedure for
the classification of quantitative brain images and was
shown to extend the application of [123I]β-CIT SPECT as a
powerful and widely available tool to improve the
diagnostic yield in patients presenting with parkinsonism
at their initial visit. In the future, it will be important to see
if the diagnostic accuracy of CAIA holds for patients
presenting with inconclusive clinical signs. Also it remains
to be confirmed if the method can be applied to other
parametric imaging datasets from PET, SPECT and MRI.
CAIA may also be used in situations with more than four
categories, provided that a-priori information of signal
differences can be identified at the group level. Any
enlargement of classification ability, however, would be
associated with a substantial increase in the size of the
training set required to build the model.
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