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Abstract

Purpose: Iodine 123-radiolabeled 2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)
nortropane (123I-FP-CIT) SPECT can be performed to distinguish degenerative forms of
movement disorders/parkinsonism/tremor from other entities such as idiopathic tremor
or drug-induced parkinsonism. For equivocal cases, semi-quantification and comparison
to reference values are a necessary addition to visual interpretation of 123I-FP-CIT scans.
To overcome the challenges of multi-center recruitment and scanning of healthy
volunteers, we generated 123I-FP-CIT reference values from individuals with various
neurological conditions but without dopaminergic degeneration, scanned at a single
center on the same SPECT-CT system following the same protocol, and compared them
to references from a multi-center database built using healthy volunteers’ data.

Methods: From a cohort of 1884 patients, we identified 237 subjects (120 men, 117
women, age range 16–88 years) through a two-stage selection process. Every patient
had a final clinical diagnosis after a mean follow-up of 4.8 ± 1.3 years. Images were
reconstructed using (1) Flash3D with scatter and CT-based attenuation corrections
(AC) and (2) filtered back projection with Chang AC. Volume-of-interest analysis was
performed using a commercial software to calculate specific binding ratios (SBRs),
caudate-to-putamen ratios, and asymmetry values on different striatal regions. Generated
reference values were assessed according to age and gender and compared with those
from the ENC-DAT study, and their robustness was tested against a cohort of patients
with different diagnoses.

Results: Age had a significant negative linear effect on all SBRs. Overall, the reduction
rate per decade in SBR was between 3.80 and 5.70%. Women had greater SBRs than
men, but this gender difference was only statistically significant for the Flash3D database.
Linear regression was used to correct for age-dependency of SBRs and to allow
comparisons to age-matched reference values and “normality” limits. Generated
regression parameters and their 95% confidence intervals (CIs) were comparable to
corresponding European Normal Control Database of DaTscan (ENC-DAT) results. For
example, 95% CI mean slope for the striatum in women is − 0.015 ([− 0.019, − 0.011])
for the Flash3D database versus − 0.015 ([− 0.021, − 0.009]) for ENC-DAT. Caudate-to-
putamen ratios and asymmetries were not influenced by age or gender.
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Conclusion: The generated 123I-FP-CIT references values have similar age-related
distribution, with no increase in variance due to comorbidities when compared to values
from a multi-center study with healthy volunteers. This makes it possible for sites to build
their 123I-FP-CIT references from scans acquired during routine clinical practice.

Keywords: Dopamine transporter, Reference values, 123I-FP-CIT SPECT,·Age effect, Gender
difference

Introduction
Single photon emission computed tomography (SPECT) imaging with iodine 123-

radiolabeled 2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl) nortropane (123I-

FP-CIT or 123I-ioflupane, brand name: DaTscan™, GE Healthcare) is a widely used

nuclear imaging method to assess the integrity of the presynaptic dopaminergic system

by measuring dopamine active transporters’ (DATs) availability in the striatum (Booij

et al. 1997a; Neumeyer et al. 1994). Knowing whether a patient, exhibiting movement

disorders or parkinsonian signs, presents with degeneration of the dopaminergic system

has major implications in terms of diagnosis, prognosis, and care (Thobois et al. 2019;

O’sullivan et al. 2008). However, the clinical diagnosis of a parkinsonian syndrome

remains sometimes challenging and inconclusive, especially at disease onset and for

patients with atypical clinical presentation or those taking drugs that might induce per

se the concomitant neurological abnormalities (Thobois et al. 2019; Catafau and Tolosa

2004). A normal 123I-FP-CIT SPECT excludes the diagnosis of Parkinson’s disease as

mentioned in the revised diagnosis criteria for Parkinson’s disease (Postuma et al.

2015). In addition, 123I-FP-CIT is valuable in distinguishing idiopathic Parkinson’s

disease (PD) and Parkinson “plus” syndromes (reduced radiotracer binding) from

essential tremor (ET), psychogenic, post-neuroleptic or vascular parkinsonism, and

dopa-responsive dystonia (normal radiotracer binding) (Booij et al. 1997b; Booij et al.

2001; Booth et al. 2015). 123I-FP-CIT has also been proven as valuable in differential

diagnosis of dementia with Lewy body (DLB) and Alzheimer’s disease (AD) (Thobois

et al. 2019; Booth et al. 2015; Walker et al. 2002).

In clinical settings, 123I-FP-CIT images are routinely assessed by expert readers based

on visual evaluation using a 0 to 3 grading system according to the visual scale

proposed by Catafau et al. (Catafau and Tolosa 2004). The reproducibility of this

technique has been questioned (Tondeur et al. 2010), in particular for cases that are

equivocal or exhibit an early onset of the disease. Furthermore, visual interpretation

can be especially challenging in a follow-up scenario to differentiate relevant changes

from irrelevant ones. In such difficult-to-interpret cases, region-based quantification is

often advised to be used in combination with visual interpretation (Darcourt et al.

2010; Djang et al. 2012) as it can help clinicians reach a more confident interpretation

of the scan and increases confidence in less experienced readers (Söderlund et al. 2013;

Albert et al. 2016). Semi-quantification was also shown to add value to visual analysis

of 123I-FP-CIT in differential diagnosis of DLB from AD (Nicastro et al. 2017). These

semi-quantification methods use either manually drawn or predefined regions of

interest. However, quantitative measures have little clinical value without reference

ranges, especially in cases when diagnostic decisions cannot be drawn from
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quantification as the scans cannot be interpreted visually as abnormal (Albert et al. 2016).

In addition, as 123I-FP-CIT uptake depends on normal ageing, quantitative values are only

of value if age effect on DAT availability is accounted for (Nicastro et al. 2016).

A few years ago, a 123I-FP-CIT database was generated from healthy volunteers in a

multi-center European study (Varrone et al. 2013). This study included 139 healthy

individuals (74 men, 65 women; age range 20–83 years, mean 53 ± 19 years) scanned at

13 different centers on 17 different SPECT systems of 11 different models. To address

inter-center variability, quantitative values for each SPECT system were corrected using

camera-specific calibration factors generated through phantom experiments (Koch

et al. 2006; Tossici-Bolt et al. 2011; Dickson et al. 2012). Despite the efforts to minimize

inter-site variability, there remained significant variability in specific binding ratio

(SBR) which could not be explained by age and other considered covariates and which

might be related to SPECT equipment, including hardware and reconstruction soft-

ware, used in the European Normal Control Database of DaTscan (ENC-DAT) study as

was noted in (Buchert et al. 2016a). This led to some inconsistencies when comparing

data and may have resulted in higher variability in the estimation of the regression

lines, modelling the uptake decline as a function of age, and that of the percentage

declines per decade as was noted by the authors. Two semi-quantitative methods were

used to calculate reference values from both corrected and non-corrected data, and

corresponding outcomes were compared to each other. Depending on the quantifica-

tion method, the study showed a significant decline of DAT availability between 4 and

6.7% per decade. Regression analyses were performed, and outcomes were presented

according to gender, showing a significant gender effect on uptake ratios in caudate

and putamen when using non-corrected data and when using only attenuation cor-

rected data. Significant effects of both age and gender on striatal SBRs were observed

for all data, corrected and uncorrected, when a semi-quantification method accounting

for partial volume effect was used.

In order to cope with the challenge of recruiting healthy volunteers and multi-center

variability, Nicastro et al. (Nicastro et al. 2016) proposed an approach to calculate site-

specific reference values using scans from individuals with non-degenerative conditions

scanned following the same protocol. A normal scan was defined as a grade 0 123I-FP-

CIT SPECT (Catafau and Tolosa 2004). This study included a cohort of 182 subjects

with an older age range compared to the ENC-DAT database (73 men and 109 women

(60%); age range 40–93 years, mean 69.1 ± 11.2 years). Most of the included subjects

had drug-induced parkinsonism (DIP) (44%), while the remaining subjects had essential

tremor (ET) (21%), psychogenic parkinsonism (17%), or other non-parkinsonian condi-

tions. Not all included subjects were followed over time, and final neuropathological

assessment was unavailable for the majority of them. Therefore, it may be possible that

this study included cases with pre-clinical degenerative conditions affecting the nigros-

triatal system.

Reference limits were generated using an automated semi-quantitative software, and

age-dependent reference limits were established based on the percentile approach.

Corresponding outcomes were compared to a manual analysis method. The study has

also shown a linear effect of age on striatal uptake decrease of 6.8% per decade. This

effect was accounted for using linear regression which helped to determine age-

dependent reference limits of SBRs. The authors have also shown greater decline of
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uptake in women than men in all striatal regions, yet none of these differences in slope

was statistically significant. Hence, identical reference values were established for both

genders. In comparison with the results from the ENC-DAT study (Varrone et al.

2013), Nicastro et al. (Nicastro et al. 2016) found slightly higher intercepts and greater

slopes, but comparable mean caudate and putamen SBR values according to gender.

In order to address some of the limitations mentioned above, we propose to build a

database of reference values for 123I-FP-CIT using a large cohort of subjects across a

wide age range and with a well-balanced gender representation. Each included subject

had both a normal 123I-FP-CIT SPECT scan, based on semi-quantification and on

visual interpretation by two trained nuclear medicine physicians, as well as a clinical

diagnosis of non-degenerative parkinsonism or other non-parkinsonian entities at base-

line and confirmed after a follow-up period ranging from 3.5 to 10 years by experienced

neurologists. Imaging data were all acquired at the same center on the same SPECT-

CT imaging system and following the same imaging protocol. We have established

reference values and limits for the striatum, caudate nucleus, putamen, anterior puta-

men, and posterior putamen while accounting for the age effect on DAT availability.

We computed regression parameters and their 95% confidence intervals and compared

them to parameters from the ENC-DAT study. C/P ratios and asymmetry values were

also calculated as additional parameters that could be useful to assess the integrity of

the nigrostriatal pathway. The robustness of the generated reference values and limits

was tested using a cohort of 22 patients with mixed diagnoses.

Materials and methods
The selection of our cohort was performed in two different stages as illustrated on the

diagram shown in Fig. 1. In the first stage, selection was based on visual reads com-

bined with semi-quantification with an in-house software, and assessment of clinical

diagnoses. This stage was performed at Lyon University Neurological Hospital nuclear

medicine department where data were collected (CS and ABS, Lyon, France). The sec-

ond stage consisted of additional and rigorous quality control of both anatomical and

functional imaging data, combined with visual reads and semi-quantification of the

SPECT data with syngo.via® software. Patients’ clinical information was also taken into

consideration when making a decision to include or reject a patient at this second

selection stage. This stage was performed by RF and GP. Following are detailed descrip-

tions of these selection stages.

Patient selection—stage 1

Every patient included in the present study was evaluated by a neurologist from Lyon

(France) university hospital’s departments of neurology, psychiatry, or geriatrics and

then referred to the nuclear medicine imaging center for a 123I-FP-CIT examination.

The aim of this 123I-FP-CIT SPECT was to determine whether the patients’ abnormal

movements (tremor mostly) or parkinsonian syndrome were related to a degeneration

of the nigrostriatal dopaminergic pathway or not. More precisely, these patients exhib-

ited atypical tremor, parkinsonian syndrome, or dementia.

A pool of 1884 123I-FP-CIT scans, performed on the same Symbia T2 scanner

(Siemens Medical Solutions USA, Inc.) between January 2008 and December 2015, was
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available. We consecutively assessed all available scans, one at a time by the order of

their scan date. Scan “normality” was mainly determined by visual interpretation and

confirmed by semi-quantification using a fully automated in-house analysis program

(CS). This program was implemented based on routines from the statistical parametric

Fig. 1 Diagram showing the two-stage selection procedure for patients’ selection and inclusion in the
present study. The top panel corresponds to stage 1 (clinical site, Lyon, France), and the bottom panel
corresponds to the second selection stage (Siemens Medical Solutions USA, Inc., Molecular Imaging,
Knoxville, TN). MSA-C cerebellar multi-system atrophy
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mapping (SPM) toolbox1, with CT-based attenuation correction (CTAC) and correc-

tion for age effect on DAT availability. Note that this analysis program is independent

of the software application implemented in syngo.via®, which was used to generate the

reference values. Once a scan was classified as normal, a second NM physician (ABS)

was asked to visually confirm its normality. Then, we assessed the integrity of corre-

sponding imaging and clinical data and the availability of final diagnosis based on a

follow-up of at least 3 years after the 123I-FP-CIT SPECT scan was acquired. As the

number of normal SPECT scans increased, new inclusions were further segregated to

achieve a targeted normal age distribution and a balanced gender distribution. Subjects

selected at this stage were contacted to get their written informed consent to use their

anonymized data including for commercial purposes.

Patient selection—stage 2

The anonymized clinical and imaging data of the 256 subjects selected in stage 1 were

further quality-checked (GP) looking for any large patient motion in the SPECT projec-

tions and/or any reconstruction or imaging artifacts, as well as any anatomical abnor-

malities (e.g., major hydrocephalus or atrophies) in the CT images. Additional visual

and semi-quantitative assessments of the SPECT data were performed (RF and GP)

using a striatal analysis methodology implemented in syngo.via® software looking for

any uptake abnormalities, such as large asymmetries. This software application gener-

ates quantifiable measures as well as a parametric “slab” view of the patient’s image for

improved visual assessment (Buchert et al. 2016b). The final clinical diagnoses as well

as the clinical reads, performed at stage 1, of all SPECT images were considered when

selecting which subjects to include in the database.

SPECT imaging: data acquisition and reconstruction

Patients were scanned on the same Symbia™ T2 system equipped with low-energy high-

resolution collimators. Scans started 3 h post-intravenous injection of ~ 185MBq of
123I-FP-CIT which occurred 1 h following thyroid blockade with perchlorate when

needed. In every case, the patient’s head was constrained with a head holder to

minimize motion, and acquisition was performed with the following parameters: rota-

tional radius kept between 13 and 15 cm; matrix 128 × 128; 120 projection angles over

360°; and a hardware zoom of 1.23 × 1.23 to achieve an in-plane pixel size of 3.9 × 3.9

mm2. In addition to the photopeak imaging window (159 keV ± 8%, 147–171 keV), two

additional scatter energy windows were acquired. For each patient, a diagnostic CT was

acquired (with a CT dose index of 35 mGy, and a dose length product of 940 mGy*cm)

and was used for attenuation correction (AC). We generated two databases of reference

values corresponding to two image reconstructions methods: (1) Flash3D (OSEM3D

with resolution recovery) with 10 iterations and 8 subsets, CTAC (as recommended for

OSEM reconstructions), a triple energy window method for scatter correction, and 8-

mm FWHM Gaussian post-reconstruction smoothing; and (2) filtered back projection

(FBP) reconstruction with Chang attenuation correction (linear correction coefficient:

μ = 0.11 cm− 1), and Butterworth filter of order 5 and a cut-off frequency of 0.45 cycles/

pixel.

1Wellcome Department of Cognitive Neurology, London, UK
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Image quantification and analyses

We used syngo.via® software to calculate2 reference values on twelve striatal volumes-

of-interest (VOIs), including the left and the right sides of the caudate, striatum,

putamen, anterior putamen, and posterior putamen. For each VOI, left and right spe-

cific binding ratios (SBRs) and asymmetry values as well as C/P ratios2 were generated

as follows: first, each 123I-FP-CIT image was automatically registered to a SPECT

template in the Montreal Neurological Institute (MNI) space using an affine transform-

ation, followed by (automatic) positioning of predefined striatal and background

(occipital lobe) VOIs. To ensure accurate positioning of these VOIs on the spatially

normalized SPECT images, manual adjustments (translations and rotations) of the

automatically placed VOIs, in three planes, were performed whenever needed. Figure 2

shows an example of the predefined striatal and background VOIs overlaid on a

spatially and intensity normalized 123I-FP-CIT image. The automatic SPECT-based

registration to MNI space is sensitive to striatal uptake and to background noise

characteristics and hence could be suboptimal for some challenging cases. In a few such

cases, we used a CT-based registration method to guide the spatial normalization

process of the SPECT image.

For each striatal VOI, left and right SBR values were calculated as:

SBR ¼ Cvoi−Coccip
� �

=Coccip ð1Þ

where Cvoi and Coccip are the mean uptakes of the 75% hottest voxels within a side of

the striatal VOI and within the occipital lobe, respectively. The asymmetry values,

between corresponding left and right VOIs, were calculated using the following

formula:

asym %ð Þ ¼ 200� abs SBRL � SBRRð Þ= SBRL þ SBRRð Þ; ð2Þ

where SBRR and SBRL denote the SBR values computed on the left and the right sides

of a given striatal VOI, respectively. We have also calculated the left and the right C/P

ratios for the striatum, caudate, and putamen.

Comparison of new subjects to reconstructed databases

In order to test the robustness of the generated reference values, we have com-

pared a set of subjects with different diagnoses against the generated databases. A

total of 22 subjects (9 normal and 13 with confirmed degenerative forms of parkin-

sonism) were used for this purpose. For a test subject of a given age and for each

striatal VOI, the patient’s left and right SBRs were separately compared to the cor-

responding predicted and age-matched reference SBR. The latter is calculated by

substituting the subject’s age in the corresponding regression line equation. Using

the equation of the lower bounding line of the predictive interval (− 95% PI), the

patient’s age-matched normality threshold is also calculated and used to classify

the subject. Left and right C/P ratios as well as asymmetries were also compared

against corresponding references. A patient was classified as normal if each of its

2In syngo.via® software, we report distribution volume ratios (DVRs) instead of SBRs, where DVR = Cvoi/
Coccip = SBR + 1. We also report putamen-to-caudate ratio instead of C/P ratio.
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measured parameters falls within the corresponding normal range defined by the

normality thresholds.

Statistical analyses

For each striatal VOI, differences between corresponding left and right SBR values were

evaluated with a paired t test. A multivariate analysis was used to investigate the effects

of age and gender on SBR values, with the dependent variable being the SBR. The

relationship between age and SBR for both genders was analyzed using linear regres-

sion. Regression parameters are reported with their 95% confidence intervals (95% CI).

For each regional SBR, the regression line, defined as yr = slope × age + intercept, served

to calculate age-matched references, and the standard error (SE) of the fitting model

was used to derive the model’s ± 95% prediction interval (PI) as y = yr ± 2 × SE. The PI

represents the range where SBR values of a subject with normal striatal uptake (calcu-

lated in a similar way as the generated reference values) has a probability of 95% to fall

within. The lower bounds of these intervals (i.e., − 95% PI given by yl = yr – 2 × SE) are

used as reference limits for SBR values. That is, a subject whose scan is acquired and

analyzed following the same protocols is suspected of having dopaminergic dysfunction

if one of the SBR values is below the corresponding − 95% PI line (i.e., a value that is

more than 2 × SE below corresponding age-matched reference).

Normality of measured outcomes was assessed using Normal Q–Q plots which

revealed a normal distribution of all SBR distributions, whereas the asymmetries and

the C/P ratios were normalized using the box-cox power transformation method prior

to assessing the effect of age and gender on them.

Finally, the difference between the r values of two regression fits, r1 and r2, was

evaluated using the following formula (Cohen et al. 2014):

z ¼ z1−z2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n1−3ð Þ þ
1

n2−3ð Þ
r ð3Þ

where z1 and z2 refer to the Fisher’s r to z transformation of the coefficients r1 and r2
and n1 and n2 denote the corresponding sample sizes. Significance was set at p = 0.05.

Statistical analyses were mainly performed using the Statistics Toolbox of Matlab

R2014a (MathWorks, Natick, MA).

Fig. 2 Axial, coronal, and sagittal views showing predefined striatal and background volumes of interest
overlaid on a spatially and intensity normalized 123I-FP-CIT image. R right, L left

Fahmi et al. European Journal of Hybrid Imaging             (2020) 4:5 Page 8 of 25



Results
Patient selection

Stage 1 of the patients’ selection process initially resulted in identifying 357 eligible

patients who were subsequently contacted to get their written informed consent to be

included in the study.

Further checks resulted in 101 exclusions: 44 subjects were excluded due to incom-

plete imaging data files. Additional 55 subjects were excluded due to lack of their

follow-up diagnoses, and two subjects did not consent to be included in the study.

Finally, we retained 256 subjects: 20 of whom were young (age range 23–57 years) with

attention deficit hyperactivity disorder (ADHD) diagnosis (see the “Discussion” section),

and the remaining 236 patients had a final diagnosis of non-degenerative parkinsonism,

other movement disorders, or epilepsy based on long-term follow-ups ranging from 3

to 10 years (mean 4.8 ± 1.3 years) (Rizzo et al. 2016).

The second selection stage resulted in the exclusion of 19 additional subjects for the

following reasons: scans of four subjects had large head motion, two patients had major

hydrocephalus which rendered the positioning of the predefined striatal VOIs on their

SPECT images very challenging, three patients were imaged using different collimators,

four patients without “evidence of dopaminergic deficit or SWEDD” had a final diagno-

sis of MSA-C and hence excluded by our clinical expert (GP), and six patients had large
123I-FP-CIT uptake asymmetries and were then considered as abnormal scans. In total,

237 subjects (120 men and 117 women, age 62.2 ± 15.7 years, range 16–88 years) were

included in the present study. Most included subjects had either ET or DIP (49.8%).

The young patient sub-group (8.5%) with ADHD was included to have references at

young ages. Table 1 summarizes final clinical diagnoses for all included subjects.

Differences in specific binding ratio between hemispheres

No statistical differences were found between left and right SBR values for any striatal

VOI irrespective of gender, nor between left and right SBRs from men and women

considered separately. Hence, for each striatal VOI, the left and the right SBRs were

averaged to estimate a single reference value. Left and right SBR values for the Flash3D

database are presented in Table 2. Corresponding results for the FBP database are not

shown. Averaged left and right SBRs are shown in Table 4 for both databases and

genders.

A one-way ANOVA test comparing the averaged right and left SBR values for different

diagnostic subgroups (see Table 1) resulted in no significant differences for caudate, puta-

men, and striatum (p > 0.05). These results are shown in Table 3 for the FBP database.

Similar results were found for the Flash3D database but are not shown here.

Gender and age effects on specific binding ratio

We found that women had slightly higher SBRs with greater variances compared to

men in all striatal regions regardless of the reconstruction method. Figures 3 and 4

show SBRs measured within the striatum according to gender for the Flash3D and the

FBP databases, respectively, as a function of age. This difference tends to decrease with

ageing. The differences in SBR between genders were only statistically significant for

the Flash3D database as shown in Table 4. Hence, we have established SBR reference

values identical for men and women for both reconstructions.
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Conversely, the effect of age was statistically significant for both databases and all

SBRs as shown on Table 4. We observed a consistent decrease of SBR values with age

for men and women in all striatal VOIs (e.g., Figs. 3 and 4). Parameters of the linear

regression analysis of SBR as a function of age and their 95% CIs for both databases are

presented in Table 5 for all striatal VOIs, irrespective of gender. Linear regression

analysis revealed that measured SBRs in the striatum, for both genders combined, de-

creased by 30.54% (Flash3D) and 33.39% (FBP) within the considered age range (16–88

years). This corresponds to a reduction rate in striatum SBR of 4.24% (Flash3D) and

4.64% (FBP) per decade. Women showed a steeper decline with advancing age com-

pared to men in all striatal regions. For both men and women, posterior putamen

Table 1 Final diagnoses of subjects included in the generated databases

Diagnostic Ratio (%) n

Essential tremor 27.0 64

Drug-induced parkinsonism 22.8 54

Dementia without dopaminergic degeneration (AD or frontotemporal dementia) 10.5 25

Miscellaneous or mixed (rheumatologic disorders, myopathy, primary lateral sclerosis, epilepsy) 10.1 24

Attention deficit hyperactivity disorder 8.5 20

Psychiatric disorders, psychogenic parkinsonism, or movement disorders 6.3 15

Vascular parkinsonism without dopaminergic degeneration 6.1 14

Normal pressure hydrocephalus 2.5 6

Dystonia 1.3 3

Restless legs syndrome 1.3 3

Amyotrophic lateral sclerosis 0.8 2

Epilepsy 0.8 2

Orthostatic tremor 0.8 2

Genetic parkinsonism 0.8 2

Cerebellar ataxia 0.5 1

Total 100 237

Table 2 Comparison between SBRs in both hemispheres for the Flash3D database according to
gender

Striatum Caudate Putamen Anterior putamen Posterior putamen

All

Right 3.05 ± 0.49 3.12 ± 0.49 2.96 ± 0.51 3.11 ± 0.53 2.75 ± 0.52

Left 3.01 ± 0.48 3.09 ± 0.49 2.91 ± 0.50 3.04 ± 0.52 2.74 ± 0.53

p value 0.36 0.46 0.27 0.14 0.64

Men

Right 2.97 ± 0.42 3.03 ± 0.43 2.88 ± 0.44 3.03 ± 0.47 2.67 ± 0.44

Left 2.95 ± 0.44 3.02 ± 0.44 2.85 ± 0.47 2.99 ± 0.47 2.66 ± 0.51

p value 0.76 0.87 0.62 0.5 0.87

Women

Right 3.14 ± 0.54 3.21 ± 0.54 3.04 ± 0.56 3.19 ± 0.57 2.83 ± 0.58

Left 3.07 ± 0.52 3.15 ± 0.52 2.97 ± 0.54 3.09 ± 0.55 2.79 ± 0.55

p value 0.35 0.41 0.3 0.17 0.63

Values are mean ± SD. The p value indicates the statistical significance between left and right SBRs (paired t test). SBRs
specific binding ratios
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showed the highest SBR decline while caudate SBR was the slowest to decline. The

mean reduction rate of SBR was between 3.80 and 5.67% per decade for men and

between 4.47 and 5.70% for women, depending on the used reconstruction method and

on the striatal VOI. The calculated percentage declines of SBRs per decade are summa-

rized in Table 6.

We have compared regression parameters from the reconstructed Flash3D database

to parameters generated from healthy volunteers by the ENC-DAT study using the

Table 3 Averaged left and right SBR values corresponding to different diagnostic groups

Diagnostic group Caudate Putamen Striatum

Essential tremor (n = 64, age 64.7 ± 13.1,
range 19–87)

2.64 ± 0.40
(1.63, 3.64)

2.47 ± 0.39
(1.60, 3.40)

2.57 ± 0.39
(1.62, 3.54)

Drug-induced parkinsonism
(n = 54, age 62.4 ± 13.4, range 25–86)

2.58 ± 0.44
(1.82, 3.80)

2.41 ± 0.42
(1.73, 3.62)

2.51 ± 0.43
(1.83, 3.72)

Dementia without dopaminergic degeneration
(n = 25, age 71.8 ± 9.5, range 55–87)

2.57 ± 0.34
(1.94, 3.52)

2.42 ± 0.35
(1.63, 3.33)

2.5 ± 0.34
(1.81, 3.44)

Miscellaneous or mixed
(n = 24, age 62.0 ± 13.1, range 36–82)

2.55 ± 0.31
(2.11, 3.34)

2.40 ± 0.34
(1.86, 3.33)

2.49 ± 0.32
(2.02, 3.33)

Attention deficit hyperactivity disorder
(n = 20, age 37.2 ± 9.8, range 22–56)

3.06 ± 0.33
(2.55, 3.64)

2.91 ± 0.30
(2.39, 3.53)

3.00 ± 0.31
(2.48, 3.52)

Psychiatric disorders, psychogenic parkinsonism,
or movement disorders
(n = 15, age 59.7 ± 18.6, range 25–84)

2.82 ± 0.55
(2.09, 4.06)

2.69 ± 0.53
(1.76, 3.76)

2.76 ± 0.54
(1.96, 3.93)

Vascular parkinsonism without dopaminergic
degeneration (n = 14, age 72.7 ± 11.4, range 46–88)

2.39 ± 0.45
(1.73, 3.08)

2.19 ± 0.47
(1.48, 2.81)

2.30 ± 0.45
(1.62, 2.91)

Others (n = 21, age 62.7 ± 17.2, range 16–85) 2.60 ± 0.35
(1.87, 3.24)

2.41 ± 0.33
(1.73, 2.99)

2.52 ± 0.33
(1.81, 3.11)

p valuea 0.244 0.078 0.144
ap values are adjusted for age. Values are mean ± SD. SBR values in parentheses define the SBR range for each VOI

Fig. 3 Effect of age and gender on specific binding ratio (SBR) values computed as the average of left and
right SBRs within the striatum and plotted as a function of age. Also shown are regression lines with slope
and intercept for the Flash3D database (female, blue; male, red)
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attenuation and scatter corrected (ACSC) and uncalibrated scans processed with

BRASS analysis method (Varrone et al. 2013). Corresponding results are shown in

Table 7 and graphically displayed in Fig. 5. Using Eq. 3, we found no differences in r

values between men and women for both databases. Similarly, no differences in r values

were found between Flash3D database and the “uncalibrated ENC-DAT-ACSC” data-

base according to gender in all striatal VOIs.

Asymmetries and caudate-to-putamen ratios

Linear regression analysis performed on the box-cox transformed asymmetries and C/P

ratios revealed an age effect only on the putamen asymmetry for the Flash3D database

Fig. 4 Effect of age and gender on specific binding ratio (SBR) values computed as the average of left and
right SBRs within the striatum and plotted as a function of age. Also shown are regression lines with slope
and intercept for the FBP database (female, blue; male, red)

Table 4 Average of left and right SBRs for Flash3D and FBP databases, for men, women, and for
combined genders

Flash3D FBP

Striatum Caudate Putamen Striatum Caudate Putamen

Men (n = 120) 2.96 ± 0.42 3.03 ± 0.43 2.87 ± 0.44 2.53 ± 0.38 2.60 ± 0.39 2.43 ± 0.38

Women (n = 117) 3.11 ± 0.52 3.18 ± 0.52 3.00 ± 0.54 2.61 ± 0.45 2.68 ± 0.45 2.52 ± 0.45

All (n = 237) 3.03 ± 0.48 3.10 ± 0.48 2.93 ± 0.50 2.57 ± 0.41 2.64 ± 0.42 2.48 ± 0.42

F value

Age 55.19
(p < 0.001)

34.66
(p < 0.001)

53.85
(p < 0.001)

65.57
(p < 0.001)

60.88
(p < 0.001)

67.02
(p < 0.001)

Gender 5.63
(p = 0.018)

6.89
(p = 0.009)

5.35
(p = 0.022)

2.20
(p = 0.14)

1.99
(p = 0.16)

2.45
(p = 0.12)

Values are mean ± SD. F values and corresponding p values are presented for the effects of age and gender on SBR. SBRs
specific binding ratios
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(y = 0.003 × x + 1.19, r2 = 0.018, SE = 0.37, p = 0.037). When comparing these parameters

between men and women, the differences were not statistically significant.

The reference limit corresponding to each one of these parameters is estimated as

the sample mean plus twice the sample standard deviation (i.e., mean and SD of all

corresponding reference values in the database). For instance, the reference limit

corresponding to striatum asymmetry is 3.02 + 2 × 2.41 = 7.84% (Flash3D) and 2.44 +

2 × 1.91 = 6.26 (FBP).

Sample means and SDs of the left and right C/P ratios and asymmetry values are

summarized in Table 8 for both databases. Comparisons between C/P ratios corre-

sponding to Flash3D database with those from the ENC-DAT study are presented in

Table 9 for men and women. Figures 6 and 7 show scatter plots of left and right C/P

ratios and asymmetry values, respectively, with horizontal lines defining reference

limits.

Comparison of new subjects to reconstructed databases

Scans belonging to the 22 test subjects were compared to the generated databases using

the syngo.via® software. For all abnormal cases (13/13), and independent of the recon-

struction method, one or more SBR values fell below corresponding age-matched

Table 5 Linear regression analysis of DAT availability versus age, irrespective of gender

Database Regression
parameters

Caudate Putamen Anterior
putamen

Posterior
putamen

Striatum

Flash3D Intercept 4.004
(3.78, 4.23)

4.055
(3.84, 4.27)

4.134
(3.91, 4.36)

3.942
(3.73, 4.16)

4.028
(3.81, 4.24)

Slope − 0.0145
(− 0.018,
− 0.011)

− 0.018
(− 0.021,
− 0.015)

− 0.0171
(− 0.021,
− 0.013)

− 0.0194
(− 0.023,
− 0.016)

− 0.0166 6
(− 0.019,
− 0.013)

2 × SE 0.83 0.80 0.86 0.80 0.80

r2 0.22 0.32 0.27 0.36 0.27

FBP Intercept 3.585
(3.40, 3.77)

3.434
(3.26, 3.61)

3.541
(3.35, 3.73)

3.289
(3.12, 3.46)

3.521
(3.34, 3.7)

Slope − 0.0151
(− 0.018,
− 0.013)

− 0.0154
(− 0.018,
− 0.013)

− 0.0151
(− 0.018,
− 0.012)

− 0.0159
(− 0.019,
− 0.013)

− 0.0152
(− 0.018,
− 0.012)

2 × SE 0.68 0.67 0.71 0.64 0.66

r2 0.32 0.34 0.30 0.37 0.33

Values in parentheses are 95 % confidence intervals for the intercepts and slopes. FBP filtered back projection, DAT
dopamine active transporter, SE standard error of regression model

Table 6 Age-related decline in DAT availability (in % per decade)

Flash3D FBP

Men Women Men Women

Striatum 4.24 4.74 4.59 5.23

Caudate 3.80 4.39 4.47 5.09

Putamen 4.94 5.23 4.85 5.33

Anterior putamen 4.47 4.92 4.53 5.12

Posterior putamen 5.64 5.67 5.33 5.7

FBP filtered back projection
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reference limit confirming abnormality of the scans. For most of these cases, the C/P

ratios and/or the asymmetry values were also greater than their corresponding refer-

ence limits. The majority of tested cases, including the nine normal ones, could easily

be accurately classified based only on visual assessments of the corresponding paramet-

ric slab views (see examples on Fig. 8) (Buchert et al. 2016b). However, for a normal

case corresponding to a 63-year old male subject, the tracer uptake was uniformly re-

duced on the left side compared to the right side as can be clearly seen on the slab view

on Fig. 9 for both reconstructions. Without quantification, this may lead to visually

interpreting this scan as abnormal or to reducing confidence in its visual interpretation.

However, for this case, all calculated binding ratios and asymmetries were within

normal ranges, with the lowest SBR being − 1.32 (Flash3D) and − 1.86 (FBP) SDs from

age-matched mean. In addition, all asymmetries were within 2 × SDs from respective

reference values for both reconstructions, with the caudate exhibiting the highest asym-

metry for the Flash3D reconstruction (4.41% or 0.24 × SDs from sample mean). This

shows the added value of quantifying and comparing scans to reference values.

Discussion
In this study, we generated a large database of 123I-FP-CIT reference values from a co-

hort of patients with normal 123I-FP-CIT scans and no confirmed forms of degenerative

parkinsonism at baseline nor after a follow-up ranging from 3 to 10 years. Our cohort

was rigorously selected, in two separate stages, from a pool of patients’ data collected

over 8 years at the same center and acquired on the same SPECT-CT imaging system

following the same acquisition and processing protocols. This helped overcome the

inter-center variability and the challenge of recruiting a large enough cohort of healthy

volunteers as in the previously published European (n = 139) (Varrone et al. 2013) and

Japanese (n = 256) (Matsuda et al. 2018) databases.

Table 7 Comparison of linear regression parameters from the generated Flash3D database with
those from the ENC-DAT study using BRASS analysis of uncalibrated and ACSC data

Men Women

Flash3D Uncalibrated ENC-
DAT-ACSC

Flash3D Uncalibrated ENC-
DAT-ACSC

Striatum

Intercept 3.88 (3.62, 4.13) 3.85 (3.51, 4.19) 4.29 (3.95, 4.63) 4.12 (3.74, 4.50)

Slope − 0.015
(− 0.019, − 0.011)

− 0.015
(− 0.021, − 0.009)

− 0.018
(− 0.024, − 0.013)

− 0.018
(− 0.025, − 0.011)

r2 0.32 0.28 0.30 0.31

Caudate

Intercept 3.83 (3.57, 4.11) 3.9 (3.58, 4.33) 4.28 (3.93, 4.63) 4.26 (3.86, 4.66)

Slope − 0.013
(− 0.018, − 0.009)

− 0.016
(− 0.022, − 0.009)

− 0.017
(− 0.022, − 0.012)

− 0.018
(− 0.025, − 0.010)

r2 0.24 0.28 0.26 0.29

Putamen

Intercept 3.92 (3.67, 4.17) 3.77 (3.43, 4.11) 4.30 (3.95, 4.64) 4.01 (3.62, 4.40)

Slope − 0.017
(− 0.022, − 0.013)

− 0.016
(− 0.022, − 0.009)

− 0.02
(− 0.025, − 0.015)

− 0.017
(− 0.024, − 0.010)

r2 0.38 0.28 0.33 0.29

ACSC attenuation correction and scatter correction, ENC-DAT European Normal Control Database of DaTscan
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To the best of our knowledge, this is the largest cohort of patients with normal 123I-

FP-CIT SPECT, and a well-balanced gender distribution (50.65% men and 49.35%

women) across a wide age range (16–88 years). To better fit the age effect on tracer up-

take at younger ages, we have included 20 young subjects (age range 23–57 years, mean

37 years) with ADHD, two siblings (17 and 30 years old) who were initially suspected of

genetic parkinsonism but was not confirmed, and two young adults (25 and 31 years

Fig. 5 Comparison between SBR values from Flash3D database with values from the ENC-DAT study using
BRASS analysis of uncalibrated attenuation and scatter corrected scans (ENC-DAT-ACSC), according
to gender

Table 8 Left and right C/P ratios and asymmetry values for the Flash3D and the FBP databases

Left C/P ratio Right C/P ratio Striatum asymmetry Caudate asymmetry Putamen asymmetry

Flash 3D 1.04 ± 0.05 1.04 ± 0.05 3.02 ± 2.41 3.56 ± 2.62 3.68 ± 2.53

FBP 1.05 ± 0.04 1.04 ± 0.04 2.44 ± 1.91 3.09 ± 2.33 2.73 ± 2.17

Asymmetries are given in %. Values are mean ± SD. FBP filtered back projection, C/P caudate-to-putamen ratio
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old) with psychogenic parkinsonism. The ADHD patients underwent a 123I-FP-CIT

SPECT for research purposes given the controversy in the literature whether the dopa-

minergic system of patients with this disease is affected or not (van Dyck et al. 2002;

Volkow et al. 2007; Costa et al. 2013). Discussions related to ADHD pathophysiology is

outside the scope of this paper.

One originality of this study is that our “normal” data sets, as identified at the first

stage of the patients’ selection process, went through additional and independent qual-

ity and medical checks followed by analysis using a dedicated commercial software that

allows quantification and improved visual assessment of 123I-FP-CIT SPECT scans

(Buchert et al. 2016b). At this second selection stage, we excluded 19/256 patients, four

of which had normal 123I-FP-CIT scans and were diagnosed with MSA-C. These

Table 9 Comparison of C/P ratios from the Flash3D database with those from the ENC-DAT study
with BRASS analysis of uncalibrated and ACSC data

Men Women

Left Right Left Right

Flash3D 1.05 ± 0.05 1.05 ± 0.06 1.05 ± 0.05 1.04 ± 0.05

Uncalibrated ENC-DAT-ACSC 1.06 ± 0.12 1.09 ± 0.13 1.07 ± 0.11 1.09 ± 0.10

Values are given as mean ± SD. C/P caudate-to-putamen ratio, ENC-DAT European Normal Control Database of DaTscan,
ACSC attenuation and scatter corrected images

Fig. 6 Left and right putamen to caudate ratios for the Flash3D (upper row) and the FBP (bottom row)
databases irrespective of gender. The solid blue line (y =mean + 2 × standard deviations of corresponding
reference values) defines the reference limit above which a scan could be suspected as being positive
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SWEDD cases represent a negligible proportion of our cohort (1.6%), in agreement

with the findings by Nicastro et al. in their prospective study (Nicastro et al. 2018)

where they showed that 3/155 (2.1%) subjects with suspected degenerative parkinson-

ism (1 corticobasal syndrome, 1 MSA-C, and 1 PD) and 1/53 (1.9%) with DLB had a

normal visual 123I-FP-CIT SPECT.

Using a dedicated Striatal Analysis software (syngo.via®), we generated two different

versions of the database corresponding to two reconstruction methods often used in

clinical routine, and we investigated the effects of gender and age on all measured out-

comes. Our results showed a significant linear effect of age on SBR values in all striatal

Fig. 7 Asymmetry values (%) corresponding to caudate, putamen, and striatum (from top to bottom) and
for the Flash3D (left) and FBP (right) databases. The solid blue line (y =mean + 2 × standard deviations of
corresponding reference values) defines the reference limit above which a scan could be suspected as
being positive
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volumes of interest, as was previously reported by others (e.g., (Nicastro et al. 2016;

Varrone et al. 2013)). We obtained an overall rate of SBR decline per decade, averaged

over all striatal VOIs and over both genders, of 4.80% (Flash3D) and 5.02% (FBP). This

agrees with what has been reported in the literature for healthy volunteers (between 3.6

and 7.5% per decade) (Nicastro et al. 2016; Varrone et al. 2013; Matsuda et al. 2018;

Fig. 8 Examples of three test cases used to validate the generated databases: two positive (first and second
rows) and one negative (third row) case. Each row from left to right, axial, sagittal, and coronal fused view
of the the patient’s SPECT and CT images showing the striatal and occipital VOIs, and the corresponding
slab view images (Buchert et al. 2016b) generated within the syngo.via® software and used for
visual assessments

Fig. 9 Slab view (Buchert et al. 2016b) corresponding to a 63-year-old male patient showing uniformly
asymmetric uptake with a reduction on the entire left striatum. Left (FBP) and right (Flash3D) reconstructions
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Pirker et al. 2000; van Dyck et al. 1995; van Dyck et al. 2002). In particular, the ENC-

DAT study (Varrone et al. 2013) reported an average age-related decline in DAT

availability of 5.5% per decade for both genders in good agreement with our measured

decline. These results clearly validate our approach of using normal 123I-FP-CIT SPECT

uptake values obtained in non-healthy subjects but without dopaminergic degeneration

to generate a normal and age-stratified 123I-FP-CIT database. Several factors, including

image reconstruction and correction as well as quantitative analysis, may have contrib-

uted to the variability in the estimated decline rate of DAT availability seen between

different published studies. We also found that regardless of gender and irrespective of

the reconstruction method, the rate of SBR decline was faster for putamen compared

to that for caudate, and even more so in the posterior region of the putamen compared

to that in the anterior region. There are conflicting results on this topic in the literature

(Varrone et al. 2013; Matsuda et al. 2018; Eusebio et al. 2012; Kaasinen et al. 2015;

Volkow et al. 2007; Nobili et al. 2013) which we believe deserves further investigations.

To describe the age-related effect on DAT availability, we used a linear model to best

fit our data, as was performed in other studies (Nicastro et al. 2016; Varrone et al.

2013; Matsuda et al. 2018). A previous study using 123I-IPT SPECT (Mozley et al.

1996) on a small sample of healthy volunteers (N = 18, age range 19–67 years) has

suggested that age-related decline is rapid during young adulthood, followed by slower

decline throughout middle age, and reported that non-linear function provided better

fit for age effect on DAT availability. In a different study using a larger cohort (N =

126) of healthy subjects and 123I-β-CIT SPECT (van Dyck et al. 2002), the authors

suggested that linear models provide appropriate fit of DAT loss with ageing and used

such a model to report an average decline per decade of 6.5%. The authors have also

noted that second order polynomial was slightly better but nearly linear in the consid-

ered age range (18–88 years) which is similar to the age range of our cohort. In the

present study, we have tested different fitting models (linear, quadratic, logarithmic, ex-

ponential, and power) and calculated correlation coefficients to evaluate their quality of

fit. We found that, for most outcomes, the linear and the quadratic models are both

equally superior compared to the other models. Hence, we decided to use the linear

model to investigate the effect of age on our population and to compare our results

against studies that used similar models.

Linear regression analysis was used to establish age-matched reference SBRs and their

corresponding normality limits in the striatum, caudate, putamen, anterior putamen,

and posterior putamen. This is the first study that reports reference values for the an-

terior and posterior regions of the putamen. This may be very useful for early detection

of dopaminergic alteration as the posterior putamen was shown to be the most and

earliest affected structure of the striatum (Tatsch and Poepperl 2013).

No differences were found between left and right SBRs for any striatal VOI. However,

conflicting reports have been published regarding interhemispheric differences in SBR

values. For example, in (Matsuda et al. 2018), the authors have reported greater SBRs

on the right side, while others have reported greater SBRs on the left side (e.g.,

(Varrone et al. 2013)). Others, like us, found no interhemispheric differences in any of

the measured SBRs (Kaasinen et al. 2015; Lavalaye et al. 2000).

Similarly, no effect of age or gender was found on the interhemispheric asymmetries

or on the C/P ratios. We estimated the average of left and right upper reference limits
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(mean + 2 × SD) of the C/P ratios to be 1.16 (Flash3D) and 1.13 (FBP). These values are

lower than the ones reported in (Nicastro et al. 2016; Varrone et al. 2013) and can

better differentiate between normal and PD patients who have much higher C/P ratios

due to early putaminal degeneration (Nicastro et al. 2016; Shin et al. 2007; Haapaniemi

et al. 2001). Depending on the reconstruction method and on the striatal VOI, mean

asymmetry values ranged between 6.26 and 8.81%. A new scan acquired and recon-

structed using the same protocols as scans in one of the generated databases should

raise the possibility of alteration of the presynaptic dopaminergic system when its left

or right C/P ratio, or one of its interhemispheric asymmetries, is two SDs above corre-

sponding sample mean. For example, our results suggest that a normal 123I-FP-CIT

scan is associated with a striatum asymmetry that is lower than 7.84% (Flash3D) or

than 6.26% (FBP). In general, normal 123I-FP-CIT scans should be associated with low

asymmetry values and with C/P ratios that are closer to unity, irrespective of age and

gender. Contrary to results reported in (Matsuda et al. 2018), our results revealed a

slight but not statistically significant increase of asymmetry values with advancing age,

except for the putamen asymmetry for the Flash3D database. It has been proposed that

the asymmetry values and C/P ratios may be used for early detection of PD and to dif-

ferentiate between various forms of parkinsonism (Nicastro et al. 2016; El Fakhri et al.

2006; Sixel-Döring et al. 2011; Contrafatto et al. 2012; Benítez-Rivero et al. 2013), hence

the importance of establishing reference limits for these parameters.

For each regional SBR, we calculated the regression line and the ± 95% PI lines. The

regression lines (yr = slope × age + intercept) determine age-matched references, and the

– 95% PI lines (i.e., lower PI lines given by yl = yr − 2 × SE) act as normality thresholds.

The 123I-FP-CIT scan of a patient can be labeled as abnormal if its SBR is 2 × SE or

more below age-matched reference. For example, the Flash3D striatum SBR of a 65-year-

old patient with an abnormal 123I-FP-CIT scan is supposed to be below y = (− 0.016 ×

65 + 4.028) − 0.8 = 2.19 (see Table 5).

Regarding the effect of gender, we found that women had higher uptake than men in

all striatal VOIs, in agreement with some previous studies (Varrone et al. 2013;

Matsuda et al. 2018; Eusebio et al. 2012; Kaasinen et al. 2015; Lavalaye et al. 2000).

However, we found that this difference was only significant for the Flash3D database.

The lack of such statistical significance for the FBP database may either be due to the

fact that there is no correlation between gender and DAT availability or that such gen-

der difference exists but was not statistically significant due to inaccuracies in the

Chang attenuation correction method which uses a simpler approximation to individual

head geometry and assumes a uniform attenuation inside the head. This may have led

to more statistical noise and then to higher p values compared to using CT-based

attenuation correction for the Flash3D database. Other factors differentiating the two

databases, such as scatter correction, may have led to the discrepancy seen in gender

effect. Some published studies have reported higher DAT availability in women com-

pared to men (Lavalaye et al. 2000; Staley et al. 2001; Mozley et al. 2001), whereas

others did not report any gender-related difference (Ryding et al. 2004; van Dyck et al.

1995; van Dyck et al. 2002). Various hypotheses were put forward as to why women

exhibit higher striatal uptake than men, related either to higher DAT density in women

compared to men, or to the differences in the striatal volume between genders

(Varrone et al. 2013; Eusebio et al. 2012). In this study, we observed a greater
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separation between regression lines of men and women SBR data at earlier decades and

even more so for the Flash3D database. For both databases, we have established refer-

ence values identical for men and women.

In comparison with the ENC-DAT study (Varrone et al. 2013), we found that

Flash3D reference values are comparable to those generated by the BRASS method

from uncalibrated and ACSC data in the ENC-DAT study for both men and women.

For example, the 95% CI mean slope for striatum in men is − 0.015 (range − 0.019 to −

0.011) in the Flash3D database versus − 0.015 (range − 0.021 to − 0.09) in the ENC-

DAT study. For women, we found a mean slope of − 0.018 (range − 0.024 to − 0.013) in

the Flash3D database versus − 0.018 (range − 0.025 to − 0.011) in the ENC-DAT

database. Slight differences between regression parameters in the two databases may be

attributed in part to the difference in attenuation correction methods used in both

studies. In addition, our mean C/P ratios are uniform across genders and less variable

compared to those from the ENC-DAT uncalibrated ACSC data. Note that the

comparisons between our study and the ENC-DAT study may be affected by several

factors, including methodological differences in acquisition of scans; their reconstruc-

tion, correction, and quantification; and most importantly by the differences between

the two considered cohorts. However, using data from patients with normal 123I-FP-

CIT scans who were adequately followed to confirm that they have not developed any

form of degenerative parkinsonism, and scanned at a single site following the same

protocol, we were able to generate reference values comparable to those generated

from healthy volunteers. Equally important is that our mean values for caudate and

putamen SBRs in men and women were similar if not identical to those from the ENC-

DAT study using BRASS analysis of uncalibrated ACSC data.

Our data also showed that comorbidities (e.g., diabetes, hypertension) did not seem

to increase the variance in outcomes when compared to healthy subjects, making it

possible for clinicians to build their own normal 123I-FP-CIT databases from scans

acquired during routine clinical practice. In comparison with a published database

generated from patients with normal 123I-FP-CIT scans and no degenerative conditions

(Nicastro et al. 2017; Nicastro et al. 2016), we have used a larger cohort (237 vs. 182)

with a well-balanced gender distribution and a wider age range, including a relatively

very young subset of participants. We also had longer follow-ups for all of our subjects

who were included through a stringent two-phase selection process. This may have

contributed to generating reference values and limits comparable to those of healthy

volunteers.

There are some limitations to this study. First, the diagnoses were mainly based on

clinical criteria without autopsy confirmation. However, the non-degenerative nature of

parkinsonism was assessed by the clinical evolution for 3 to 10 years (4.8 ± 1.3 years),

which represents the gold standard to establish a diagnosis in routine clinical practice.

Second, our approach for normative data definition was monocentric, which may limit

the ability to extend our references to other groups and centers. Effort is underway to

generalize the use of the reconstructed databases for other imaging systems and/or

other reconstruction/correction methods. This warrants a thorough investigation on

how the reconstruction and scanner characterization impact the performance of our

reference values in assessing clinical scan normality. An evaluation of the generated

reference values against a large sample of degenerative cases is also warranted but is
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beyond the scope of this paper. Third, we have found that differences in SBRs between

genders were only statistically significant for the Flash3D database. We have postulated

that the lack of such significance for the FBP database is mainly due to inaccuracies in

Chang attenuation correction method which has been shown to be a challenging and

often inconsistent task with DAT imaging due to low tracer binding in cortical areas

(Barnden et al. 2006). This deserves further investigation. The use of CTAC for the

Flash3D database, although it comes at the expense of exposing patients to additional

radiation (~ 2mSv), has the advantage of providing more accurate attenuation

correction. This has led to a better separation between men and women SBRs. The

importance of this separation may not be an enough justification for the additional

radiation exposure. However, the availability of a CT scan had two other major

advantages in our approach: (1) the anatomical information provided by the CT scan

helped greatly in the diagnostic interpretation of the 123I-FP-CT images, in particular

for patients with atypical parkinsonian syndromes which are complicated and often

involve different pathologies, and (2) the use of a CT scan plays an important role in

the semi-quantification pipeline especially for the spatial normalization of 123I-FP-CT

images that are often very noisy and hard to directly register to a standard template. In

this study, CT-based registration was required for 26/237 (11%) cases for which the

SPECT-based alignment failed. Finally, the similarity of our results with the results

from large multi-center and multi-system studies with healthy volunteers and using

similar reconstruction/corrections methods suggests that the 123I-FP-CIT binding

as a function of age is mostly dependent on the biology of DAT availability. Given

the high reproducibility and reliability of the 123I-FP-CIT scan (Booij et al. 1998),

better understanding of how inter-subject differences affect the relationship

between DAT availability, as measured by 123I-FP-CIT, and age would require

longitudinal studies which are ethically and economically difficult to design and

perform.

Conclusion
This study provides a large database of 123I-FP-CIT reference parameters from a cohort

of patients with normal SPECT scans and no degenerative parkinsonism, scanned at

the same center on the same imaging system and following the same protocol. The

generated age-matched SBRs as well as C/P and asymmetry reference values and limits

compared favorably to parameters from a normal database of healthy volunteers. Our

results could be used to assess new scans acquired and processed in an equivalent man-

ner as one of the reconstructed databases. Generalization to assess scans acquired with

other imaging systems and processed with other reconstruction/correction methods is

currently under way.
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