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Investigation of dopaminergic transporter loss in vivo using 123I-N-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl) nortropane

single photon emission computed tomography has been widely used as a diagnostic aid in Lewy body disease. However, it is

not clear whether the pathological basis for the imaging changes observed reflects loss of dopaminergic transporter expressing

neurons because of cell death or dysfunctional neurons due to possible nigral and/or striatal neurodegenerative pathology. We

aimed to investigate the influence of nigral neuronal loss as well as nigral (a-synuclein, tau) and striatal (a-synuclein, tau,

amyloid b) pathology on striatal uptake in a cohort of autopsy-confirmed Alzheimer’s disease (n = 4), dementia with Lewy

bodies (n = 7) and Parkinson’s disease dementia (n = 12) cases. Subjects underwent ante-mortem dopaminergic scanning and

post-mortem assessments (mean interval 3.7 years). Striatal binding (caudate, anterior and posterior putamen) was estimated

using region of interest procedures while quantitative neuropathological measurements of a-synuclein, tau and amyloid b were

carried out. Similarly, nigral neuronal density was assessed quantitatively. Stepwise linear regression was performed to identify

significant pathological predictors of striatal binding. In all striatal regions, image uptake was associated with nigral dopamin-

ergic neuronal density (P40.04) but not a-synuclein (P5 0.46), tau (P5 0.18) or amyloid b (P50.22) burden. The results

suggest that reduced uptake in vivo may be influenced considerably by neuronal loss rather than the presence of pathological

lesions, in particular those related to Alzheimer’s disease and Lewy body dementias. However, dysfunctional nigral neurons may

have an additional effect on striatal uptake in vivo but their respective role remains to be elucidated.

Keywords: Alzheimer’s disease; dementia with Lewy bodies; Parkinson’s disease dementia; striatum; 123I-FP-CIT; SPECT;
neuropathology

Abbreviations: EDTA = Ethylenediaminetetraacetic acid; FP-CIT = 123I-N-fluoropropyl-2b-carbomethoxy-3b-(4-iodophenyl) nortro-
pane; SPECT = single photon emission computed tomography; UPDRS = Unified Parkinson’s Disease Rating Scale

Introduction
Dementia with Lewy bodies is the second most common cause

of neurodegenerative dementia following Alzheimer’s disease

(Rahkonen et al., 2003). It is characterized clinically by recurrent

visual hallucinations, cognitive fluctuations and spontaneous motor

parkinsonism (McKeith et al., 2005). The development of demen-

tia is a frequent complication of Parkinson’s disease, occurring in
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up to 6 times the rate of similarly aged healthy individuals

(Emre et al., 2007). Dementia with Lewy bodies and Parkinson’s

disease dementia have a similar clinical phenotype, the distinction

of which is based on the timing of the onset of cognitive symp-

toms relative to motor symptoms (41 year = dementia with

Lewy bodies, 41 year = Parkinson’s disease dementia; McKeith

et al., 2005).

Neuropathologically, Alzheimer’s disease is characterized by the

presence of extracellular amyloid-amyloid b aggregates as plaques,

hyperphosphorylated microtubule associated protein tau (neurofib-

rillary tangles and neuropil threads) and neuritic plaques that are

composed of both amyloid b and tau. Whilst in Alzheimer’s dis-

ease these lesions occur primarily in limbic and neocortical regions,

subcortical nuclei such as the substantia nigra become severely

involved in later stages of the disease (Attems et al., 2011). The

extent and distribution of neurofibrillary tangles and neuropil

threads in Alzheimer’s disease have also been shown to correlate

with dementia severity and duration of illness (Duyckaerts et al.,

2009; Perl, 2010). In dementia with Lewy bodies, �-synuclein

containing Lewy bodies and Lewy neurites are found in the brain-

stem (e.g. dorsal motor nucleus of vagal nerve, locus coeruleus

and substantia nigra), the basal forebrain/limbic regions (e.g.

nucleus basalis of Meynert, amygdala, transentorhinal cortex and

cingulate cortex) and the neocortex (Braak et al., 2003; McKeith

et al., 2005; Ferman and Boeve, 2007). Additional Alzheimer’s

disease pathology (i.e. amyloid b and tau) is frequently present

in dementia with Lewy bodies to varying extent. Dementia sever-

ity in dementia with Lewy bodies has been shown to be associated

with the severity of �-synuclein but not of amyloid b or tau path-

ology, respectively (Samuel et al., 1996; Hurtig et al., 2000). In

Parkinson’s disease dementia, however, pathological findings are

variable, with some reporting additional Alzheimer’s disease as the

cause for dementia (Libow et al., 2009), while others have indi-

cated limbic and cortical �-synuclein pathology as the main sub-

strate for dementia (Hurtig et al., 2000; Aarsland et al., 2005),

where cognitive decline was shown to relate to density of cortical

Lewy bodies (Aarsland et al., 2005). In addition, others have

revealed similar cortical �-synuclein pathology between dementia

with Lewy bodies and Parkinson’s disease dementia (Tsuboi et al.,

2007). Lewy bodies have also been described in Alzheimer’s dis-

ease but unlike dementia with Lewy bodies appear to be fre-

quently confined to the amygdala (Hamilton, 2000; Sahin et al.,

2006; Tsuboi et al., 2007).

The loss of dopaminergic neurons in the substantia nigra pars

compacta that project to the striatum (nigrostriatal pathway) with

presence of Lewy bodies in some of the remaining neurons and

abundant Lewy neurites in the neuropil are common neuropatho-

logical features of Lewy body diseases (Schulz-Schaeffer, 2010). A

significant burden of striatal Lewy body pathology has been observed

in Parkinson’s disease and to a greater extent in dementia with Lewy

bodies (Duda et al., 2002; Tsuboi et al., 2007). Nigrostriatal

dopaminergic function has also been assessed in Alzheimer’s disease,

dementia with Lewy bodies and Parkinson’s disease dementia in vivo

with single photon emission computed tomography (SPECT) and PET

imaging. Using SPECT tracers, 123I-2b-carbomethoxy-3b-(4-

iodophenyl) tropane (b-CIT) and 123I-N-fluoropropyl-2b-

carbomethoxy-3b-(4-iodophenyl) nortropane (FP-CIT), significantly

reduced striatal dopamine transporter binding in dementia with Lewy

bodies comparedwith Alzheimer’s disease (Donnemiller et al., 1997),

as well as in dementia with Lewy bodies and Parkinson’s disease de-

mentia relative to Alzheimer’s disease and healthy controls, respect-

ively (Walker et al., 2002; O’Brien et al., 2004). Using PET, striatal
18F-fluorodopa uptake was shown to be decreased in dementia with

Lewy bodies compared with Alzheimer’s disease (Hu et al., 2000),

and in Parkinson’s disease dementia relative to controls (Ito et al.,

2002). In addition, reduced striatal vesicular transporters have been

observed in dementia with Lewy bodies compared with Alzheimer’s

disease and healthy controls using 11C-dihydrotetrabenazine

(Koeppe et al., 2008). However, no previous validation of in vivo

imaging as a marker for dopaminergic cell loss at autopsy has been

undertaken. Indeed, few studies have investigated the relationship

between neuropathology and neuroimaging changes in Alzheimer’s

disease, dementia with Lewy bodies and Parkinson’s disease demen-

tia. Previously, correlations between hippocampal volume and

neurofibrillary tangles pathology were described in Alzheimer’s dis-

ease using post-mortem (Huesgen et al., 1993; Gosche et al., 2002)

and ante-mortem MRI (Jack et al., 2002; Csernansky et al., 2004).

More recently, the association between volumetric MRI measures

(hippocampus, amygdala and entorhinal cortex) and burden of

neuropathology (amyloid b, tau and �-synuclein) in those regions

were studied in patients with pathological diagnosis of Lewy body

disease (ante-mortem diagnosis: 14 dementia with Lewy bodies and

nine Parkinson’s disease dementia) (Burton et al., 2012). Although

nigral dopaminergic input to the striatum via the nigrostriatal

pathway is linked to striatal function (Nicola et al., 2000), it is unclear

whether deficits in striatal binding observed on 123I-FP-CIT SPECT are

associated with a loss of dopaminergic neurons and/or dysfunctional

neurons (characterized by reduced amounts of the dopamine

transporter rather than neuronal loss), which may be associated

with �-synuclein, tau and amyloid b pathology in selected brain

regions. The aim of this study was to investigate the influence of

nigral neuronal loss as well as nigral (�-synuclein, tau) and striatal

(�-synuclein, tau and amyloid b) pathology on striatal 123I-FP-CIT

SPECT uptake in a cohort of autopsy-confirmed cases with Alzheim-

er’s disease, dementia with Lewy bodies and Parkinson’s disease

dementia.

Materials and methods

Subjects
Subjects were selected from neuropathologically assessed cases in the

Newcastle Brain Tissue Resource. The study was approved by the local

ethics committee and UK Department of Health Administration of

Radioactive Substances Advisory Committee. All participants gave

informed written consent, and at death, their nearest relative gave

permission for post-mortem examination and use of autopsy material

and previous clinical data for research. All individuals during life had

originally participated in a prospective longitudinal study of dementia

and underwent clinical and cognitive testing including the Mini-Mental

State Examination (Folstein et al., 1975) and Cambridge Cognitive

Examination (Roth et al., 1986). Parkinsonism was assessed using

the motor subsection of the Unified Parkinson’s Disease Rating Scale

Neuropathological correlates in SPECT Brain 2012: 135; 2798–2808 | 2799
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(UPDRS III; Fahn et al., 1987). All subjects had at least one 123I-FP-CIT

SPECT prior to death (mean interval = 3.8 years, range: 1.5–6.8 years)

and were recruited from a community-dwelling population who had

been referred to local old age psychiatry services. Ante-mortem diag-

nosis was made using the consensus criteria for Alzheimer’s disease

(McKhann et al., 1984), dementia with Lewy bodies and Parkinson’s

disease dementia (McKeith et al., 1996). Neuropathological assess-

ment followed standardized criteria for the diagnosis of Alzheimer’s

disease (Mirra et al., 1993; Hyman, 1998; Braak et al., 2006) and

for dementia with Lewy bodies/Parkinson’s disease the staging/

typing method suggested by Alafuzoff et al. (2009). Of note, cases

with Parkinson’s disease dementia that developed extrapyramidal

symptoms for 41 year prior to the development of cognitive impair-

ment fulfilled criteria for Parkinson’s disease dementia. Clinically, there

were three cases with Alzheimer’s disease, eight with dementia with

Lewy bodies and 12 cases with Parkinson’s disease dementia, though

final clinicopathological consensus diagnoses were four with

Alzheimer’s disease, seven dementia with Lewy bodies and 12 with

Parkinson’s disease dementia, the discrepancy due to the fact that one

case with dementia with Lewy bodies [‘possible’ dementia with Lewy

bodies diagnosis clinically, ‘normal’ (FP-CIT SPECT) uptake on visual

rating] was neuropathologically diagnosed as Alzheimer’s disease.

123I-FP-CIT single photon emission
computed tomography imaging
Subject scans were acquired on a triple-detector rotating gamma

camera (Picker 3000XP) fitted with a low-energy high-resolution

fan-beam collimator. Four hours after a bolus intravenous injection

of 150 MBq (specific activity4100TBq/mmol) of 123I-FP-CIT

(DaTSCAN, GE Healthcare), 120 15-s views over a 360� orbit were

obtained from each detector on a 128 � 128 matrix with a pixel size

and slice thickness of 3.5mm. Imaging time was 30min. Image recon-

struction was performed using ramp-filtered back-projection with a

Butterworth filter (order 13, cut-off 0.3 cycles/cm) to produce the

transverse sections. The data were then resampled to generate

64 � 64 matrix images with 4.0mm cubic voxels. Images were not

corrected for gamma ray attenuation.

123I-FP-CIT binding
A semi-automated region of interest analysis was performed on all
123I-FP-CIT SPECT imaging data in order to obtain right hemispheric

estimates of specific to non-specific uptake ratios in caudate, anterior

and posterior putamen for each subject. Total striatal activity ratios

were also calculated in the right hemisphere from the average caudate,

anterior and posterior putamen values. A more detailed description of

the procedure has been previously reported (O’Brien et al., 2004).

Assessment of nigral and
striatal pathology

Histochemistry and immunohistochemistry

Following a standardized procedure for the sampling of the lower

midbrain, tissue blocks containing the right substantia nigra were

taken at the level of the third cranial nerve’s exit in a horizontal

plane. From the respective paraffin-embedded tissue blocks 6-mm

microtome sections were examined using Cresyl fast violet histochem-

istry for the visualization of cells and immunohistochemistry for the

visualization of �-synuclein (antibody �-syn, Leica) and tau

(phosphorylated tau protein; antibody AT8, Autogenbioclear) path-

ology. Likewise 6-mm microtome sections from paraffin-embedded

tissue blocks that were taken in a frontal plane caudal/posterior to

the optic chiasma containing caudate nucleus and putamen were incu-

bated with both �-syn and AT8 antibodies. In addition, for the visu-

alization of amyloid b pathology (amyloid b plaques) those sections

were incubated with an anti-amyloid b antibody raised against amyloid

b17–24 (Clone 4G8, Signet Labs). For Cresyl fast violet staining, paraf-

fin-embedded tissue was dewaxed, washed three times in distilled

water, incubated in Cresyl fast violet, preheated to 60�C and removed

from the incubator. Tissue was subsequently differentiated in 95%

alcohol, dehydrated and mounted. Antigen unmasking for immunohis-

tochemistry was performed by pressure cooking slides in 0.1M ethy-

lenediaminetetraacetic acid (EDTA) for 1min 30 s (�-syn) or

microwaving in 0.01M citrate buffer for 10min (AT8), prior to incu-

bation with the primary antibody. The immunoreactive product was

then visualized by 3,30-diaminobenzidine.

Image analysis—quantification

Images from Cresyl fast violet, �-syn and AT8 stained slides containing

the substantia nigra were captured at �100 magnification using a

Nikon 90i microscope with DsFi1 camera coupled to a personal com-

puter. For quantification of pigmented neurons, �-syn and AT8 burden

we used the NIS Elements image analysis system (Nikon). Figure 1

illustrates the assessment of number of pigmented neurons,

�-synuclein and tau pathology in the substantia nigra. To ensure

that the entire substantia nigra present on the single section analysed

could be assessed, nine adjacent images (rectangle of 3 � 3 images,

large image acquisition) from each Cresyl fast violet, �-syn and AT8

stained slides were taken at �100 magnification and imported into the

NIS Elements software, which added individual images into one single

image representing an area of 1.62 � 2.12mm2 (Fig. 1B). The area of

immunopositivity was measured in each of the three image acquisi-

tions. Red–Green–Blue thresholds, which determine the pixels that are

included in the binary layer used for measurement, were standardized

separately for each neuronal stain (Cresyl fast violet), AT8 and �-syn

(Fig. 1C). In addition to Red–Green–Blue thresholds we set and stan-

dardized restriction thresholds that comprise a set of parameters to

further define objects that are included in the final measurement

(Fig. 1E, F and I). Restriction threshold applied for neurons (Cresyl

fast violet stain) included the mean colour intensity typical for pig-

mented neurons and an object area of 40–700 mm2. The latter was

necessary to ensure that small pigmented areas that might represent

pigment incontinence were not counted as nigral neurons. A region of

interest for measurement was manually drawn around the substantia

nigra pars compacta, which was identified by the presence of pig-

mented neurons. Hence the regions of interest showed serrate or

winding borders. Neuronal density in the substantia nigra was calcu-

lated by dividing neuronal numbers by region of interest area and

stated as neurons permm2. Separately for each �-syn and AT8 restric-

tion threshold included the mean colour intensity to define true immu-

nopositive structures [5184 SI units (max 255), Fig. 1G]. Regions of

interest around the substantia nigra matched the ones determined for

corresponding Cresyl fast violet slides and the area covered by AT8

and �-syn immunohistochemical signals gave percentage of area cov-

ered by tau and �-synuclein pathology, respectively.

For the assessment of �-syn, AT8 and 4G8 immunopositivity in the

caudate nucleus and putamen, three randomly allocated large image

acquisitions from each caudate nucleus and putamen were captured

(see Fig. 2 for description).
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Statistical analysis
The Statistical Package for Social Sciences software (SPSS ver. 19;

http://www-01.ibm.com/software/analytics/spss/) was used for stat-

istical evaluation. Continuous variables were tested for normality of

distribution using the Shapiro–Wilk test and visual inspection of vari-

able histograms. Group differences in subject characteristics, SPECT

binding ratios and neuropathological measures were assessed using

F-tests (ANOVA) while for categorical variables �
2 tests were used.

Stepwise linear regression analysis was performed to identify signifi-

cant pathological predictors of striatal 123I-FP-CIT binding across the

entire study sample (Alzheimer’s disease, dementia with Lewy bodies

and Parkinson’s disease dementia combined). Partial correlation coef-

ficients (r0) were then used to examine the strength of association

between the significant predictors and striatal binding variables

controlling for interval between SPECT scan and death, and
123I-FP-CIT per cent annual rate of decline (results of which were

obtained from a previous longitudinal FP-CIT study of dementia;

Colloby et al., 2005). Age, cognitive and clinical effects on FP-CIT

imaging and pathological variables were examined by Pearson’s cor-

relation coefficients (r). For correlation analyses, all reported P-values

were corrected for family-wise error rates (Bonferroni). A P-value

50.05 was considered significant. To investigate the reliability of all

pathological measurements, the same examiner (S.M.) assessed seven

randomly selected cases on three separate occasions (identical sub-

jects), 1 day apart. To evaluate the extent to which measurements

were consistent over time (test–retest reliability), intraclass correlation

coefficients were calculated (two-way mixed effects model) with 95%

confidence intervals (CIs).

Results

Subjects

Table 1 summarizes the group characteristics. Groups were com-

parable for gender, age at SPECT, interval between SPECT and

death, disease duration at death as well as Mini-Mental State

Examination and Cambridge Cognitive Examination both at

SPECT and last assessment (P50.05). Age at death was higher

in Alzheimer’s disease than in Parkinson’s disease dementia

(P = 0.02), while Parkinson’s disease dementia also had longer dis-

ease duration at SPECT than dementia with Lewy bodies

Figure 1 Assessment of number of pigmented neurons, �-synuclein and tau pathology in the substantia nigra. For each assessment nine

individual images were taken at �100 magnification (A, histochemistry for Cresyl fast violet) and added to one single image that included

the entire substantia nigra pars compacta (B). Regions of interest were manually identified (red line in B). On histochemical (Cresyl fast

violet, A) and immunohistochemical (AT8, D–F; �-syn, G–I) images, standardized Red–Green–Blue thresholds were set to produce binary

images (Cresyl fast violet, B and C; AT8, E and F; �-syn, G–I) on which standardized restriction thresholds (for details see ‘Materials and

methods’ section) determined the objects to be measured; green lines encircle nigral neurons in (C) and indicate the objects counted to

quantify the number of nigral neurons. Neuropil threads or neurofibrillary tangles (tau pathology; E and F) and Lewy neurites or Lewy

bodies (�-synuclein pathology; G–H) are delineated by green lines, indicating the areas that were added for the calculation of the total

area covered by AT8 and �-syn immunopositivity, respectively. For clarification, these areas are shaded in green in (I). Staining: Cresyl fast

violet (CFV), (A–C); AT8 (D–F); �-syn (G–I). Scale bars = 0.1mm (A, C, E, G and H), 0.5mm (B) and 0.01mm (D, F and I).

Neuropathological correlates in SPECT Brain 2012: 135; 2798–2808 | 2801
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(P = 0.04). As expected, those with Parkinson’s disease dementia

had higher UPDRS III scores at SPECT and at last assessment than

subjects with Alzheimer’s disease, but no significant differences

were observed between those with dementia with Lewy bodies

and Parkinson’s disease dementia (P50.06).

123I-FP-CIT single photon emission
computed tomography activity
ratios—right hemisphere

Table 2 depicts the mean 123I-FP-CIT SPECT binding ratios in

Alzheimer’s disease, dementia with Lewy bodies and Parkinson’s

disease dementia. During life, significant differences in uptake

were observed between groups in caudate, anterior putamen, pos-

terior putamen and striatum (P50.003). In all regions, signifi-

cantly lower uptake was apparent in Parkinson’s disease

dementia compared with both Alzheimer’s disease and dementia

with Lewy bodies (P50.04). FP-CIT annual rates of decline

expressed as per cent of baseline value are also presented for

each region of interest, data from Colloby et al. (2005)

(Table 2). Rates did not significantly differ between groups in an-

terior and posterior putamen as well as whole striatum (P4 0.1);

however, in caudate, rates in Parkinson’s disease dementia were

greater than in Alzheimer’s disease and dementia with Lewy

Figure 2 Dotted lines delineate head of caudate nucleus (A) and putamen (B). Rectangles indicate three sample areas captured as large

image acquisitions (see ‘Materials and methods’ section and legend to Fig. 1) to quantify both �-syn and AT8 immunopositivity. (C) Shows

�-syn (Lewy neurites and Lewy bodies), (D) AT8 (neuropil threads and neurofibrillary tangles) and (F) 4G8 (amyloid b plaques). Green lines

delineate the areas that were included for measurement after thresholding. Of note, �-syn positive Lewy neurites and Lewy bodies are

included for measurement (E) while diffuse background staining representing physiological synaptic immunopositivity is not (e.g.

arrowheads in E). Staining: Cresyl Fast Violet (CFV), (A and B); �-syn (C and E); AT8 (D); 4G8 (F). Scale bars = 1mm (A and B); 0.5mm (C

and D); 0.01mm (E and F). EGP = external globus pallidus; hCN = head of caudate nucleus; Put = putamen.
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bodies (P40.03). There were no significant correlations in

any group between FP-CIT imaging measures and baseline age

(absolute values |r|40.43, P50.32), Cambridge Cognitive

Examination (|r|40.46, P50.60), Mini-Mental State Examination

(|r|40.60, P50.32) or UPDRS III (|r|40.34, P50.80) scores.

Substantia nigra and striatum
neuropathology—right hemisphere

Table 2 presents a summary of nigral and striatal pathology meas-

ures for the cases with Alzheimer’s disease, dementia with Lewy

bodies and Parkinson’s disease dementia. Test–retest reliability

for nigral neuronal density, �-synuclein and tau measurements

were: intraclass correlation coefficient (95% CI): 0.98

(0.94–0.99), 0.86 (0.60–0.97) and 0.98 (0.96–0.99), respectively.

Striatal (caudate, putamen) �-synuclein, tau and amyloid b intra-

class correlation coefficients (95% CI) were: [0.92 (0.74–0.98),

0.83 (0.58–0.97)], [0.90 (0.68–0.98), 0.94 (0.79–0.99)] and

[0.99 (0.98–0.99), 0.98 (0.94–0.99)], respectively. Results indicate

excellent reproducibility for neuropathological data.

There were no significant correlations in any group between the

assessed neuropathological lesions (i.e. pigmented neuron density,

�-synuclein and tau) in the substantia nigra and age at death

(|r|40.79, P50.12), and last assessment measures of

Cambridge Cognitive Examination (|r|4 0.74, P5 0.09),

Mini-Mental State Examination (|r|40.73, P5 0.09) and UPDRS

III (total and contralateral limb, |r|40.63, P5 0.21). Similarly, no

significant associations were found in any group between striatal

pathology (�-synuclein, tau and amyloid b) and age at death

(|r|40.79, P50.30), and last assessment measures of

Cambridge Cognitive Examination (|r|40.66, P50.06),

Mini-Mental State Examination (|r|40.70, P50.24) and UPDRS

III (total and contralateral limb; |r|4 0.81, P5 0.18). Pooling the

groups (n = 23), a significant correlation was observed between

nigral neuronal number and degree of tau pathology (r = 0.59,

P = 0.002), which was not observed when calculated for

Alzheimer’s disease cases only (r = �0.55, P = 0.46). A trend to-

wards a negative correlation was also seen between nigral neur-

onal number and degree of �-synuclein pathology (r = �0.39,

P = 0.08). For the pooled group, the relationship between nigral

and striatal pathologies was also investigated. Nigral �-synuclein

and tau pathology were found not be associated with striatal

�-synuclein (|r|40.24, P5 0.52), tau (|r|4 0.23, P50.60) or

amyloid b (|r|4 0.42, P50.06) pathology.

Neuropathological correlates of
123I-FP-CIT single photon emission
computed tomography binding—right
hemisphere

To identify potential neuropathological predictors of 123I-FP-CIT

SPECT binding across the entire study sample (Alzheimer’s disease,

dementia with Lewy bodies and Parkinson’s disease dementia

combined), individual stepwise regression analyses were per-

formed for each 123I-FP-CIT uptake measure [caudate, anterior

putamen, posterior putamen and whole striatum (including all

three regions)] as the dependent variable, and nigral neuronal

density as well as nigral and where appropriate caudate or puta-

men (�-synuclein, tau and amyloid b) pathologies as independent

variables. The analysis revealed that neuronal density significantly

Table 1 Subject characteristics

Characteristic Alzheimer’s
disease

Dementia
with Lewy
bodies

Parkinson’s
disease dementia

P-value

n 4 7 12

Gender (male:female) 3:1 4:3 10:2 �
2 = 1.6, P = 0.5

Age at SPECT (years) 79.3 � 6.3 76.4 � 8.5 70.8 � 4.3 F(2.20) = 3.7, P = 0.05

Age at death (years) 83.8 � 6.0 79.9 � 7.4 74.1 � 4.2 F(2.20) = 5.3, P = 0.01a

Interval between SPECT and death (years) 4.6 � 0.5 3.5 � 1.7 3.3 � 1.7 F(2.20) = 0.9, P = 0.4

Disease duration at SPECT (years) 2.5 � 2.0 1.9 � 1.2 7.9 � 6.3 F(2.20) = 4.2, P = 0.03b

Disease duration at death (years) 7.2 � 2.1 5.5 � 2.5 11.5 � 6.1 F(2.20) = 3.6, P = 0.05

UPDRS III at SPECT 8.5 � 4.0 21.4 � 15.3 35.8 � 11.9 F(2.20) = 8.3, P = 0.002c

UPDRS III at last assessment 26.0 � 18.2 34.6 � 22.0 51.5 � 15.7 F(2.20) = 3.4, P = 0.06

Contralateral limb UPDRS III at last assessment 18.0 � 13.1 24.7 � 14.8 36.4 � 10.7 F(2.20) = 3.6, P = 0.05

MMSE at SPECT 18.0 � 3.2 18.9 � 4.8 20.0 � 5.7 F(2.20) = 0.3, P = 0.8

MMSE at last assessment 10.3 � 5.5 10.9 � 8.8 12.8 � 6.2 F(2.20) = 0.3, P = 0.8

CAMCOG at SPECT 59.8 � 10.2 65.7 � 13.3 65.0 � 17.0 F(2.20) = 0.2, P = 0.8

CAMCOG at last assessment 60.3 � 11.5 59.7 � 15.9 53.2 � 18.2 F(2.20) = 0.5, P = 0.6

Values expressed as mean � standard deviation.

Post hoc tests (Gabriel’s):

a Alzheimer’s disease4Parkinson’s disease dementia (P = 0.02).

b Parkinson’s disease dementia4 dementia with Lewy bodies (P = 0.04).

c Parkinson’s disease dementia4Alzheimer’s disease (P = 0.002).

Otherwise not significant.

CAMCOG = Cambridge Cognitive Examination; MMSE = Mini-Mental State Examination.
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predicted 123I-FP-CIT uptake in all regions (P40.04), but not

�-synuclein (P5 0.46), tau (P50.18) or amyloid b (P5 0.22)

burden. Neuronal density accounted for 20% of the variance in

caudate [F(1,20) = 4.8, R2 = 0.20, amyloid b = 0.45, P = 0.04],

40% in anterior putamen [F(1,20) = 13.1, R2 = 0.40, amyloid

b = 0.63, P = 0.002], 58% in posterior putamen [F(1,20) = 26.7,

R2 = 0.58, amyloid b = 0.76, P50.001] and 45% in striatum

[F(1,20) = 15.7, R2 = 0.45, amyloid b = 0.66, P = 0.001]. This sug-

gests that in these cases, reduced striatal 123I-FP-CIT uptake was

attributed to decreased dopaminergic neuronal density but not

�-synuclein, tau or amyloid b pathology.

Partial correlation analysis was then used to examine the

strength of association between neuronal density and
123I-FP-CIT SPECT uptake measures with and without controlling

for the interval between SPECT scan and death, and 123I-FP-CIT

per cent annual rate of decline. Table 3 presents both the zero

order (r) and partial (r0) correlation coefficients and associated

P-values where results were essentially similar for both analyses.

Figure 3A–D illustrates scatter plots of binding ratios in caudate,

anterior putamen, posterior putamen and striatum against

neuronal density across the entire study population. In addition,

Fig. 4 shows axial 123I-FP-CIT SPECT scans with corresponding

images of nigral dopaminergic neurons in selected cases with

Alzheimer’s disease and dementia with Lewy bodies.

Discussion
This is the first study to examine the relationship between in vivo

dopaminergic 123I-FP-CIT SPECT imaging and nigral and striatal

neuropathology in a group comprising of autopsy-confirmed

cases with Alzheimer’s disease, dementia with Lewy bodies and

Parkinson’s disease dementia. Nigral neuronal density was found

to be a significant predictor of 123I-FP-CIT uptake ratios in caud-

ate, anterior and posterior putamen as well as striatum (P40.04).

However, nigral and striatal �-synuclein, tau and amyloid b

pathologies were not significant predictors of striatal 123I-FP-CIT

binding in these subjects (P50.18). In addition, the correlation

between 123I-FP-CIT uptake and neuronal density remained stat-

istically significant even after accounting for the interval between

Table 2 Summary of 123I-FP-CIT SPECT binding ratios and neuropathological measures in Alzheimer’s disease, dementia
with Lewy bodies and Parkinson’s disease dementia

Alzheimer’s
disease (n = 4)

Dementia
with Lewy bodies (n = 7)

Parkinson’s
disease dementia (n = 12)

P-value

SPECT imaging—right hemisphere

FP-CIT uptake

Caudate 2.95 � 0.29 2.99 � 0.56 2.11 � 0.63 F(2,20) = 6.6, P = 0.006a

Anterior putamen 3.37 � 0.92 2.82 � 0.57 1.94 � 0.65 F(2,20) = 8.2, P = 0.003a

Posterior putamen 2.70 � 0.89 2.06 � 0.53 1.22 � 0.19 F(2,20) = 17.4, P5 0.001a

Striatumf 3.00 � 0.65 2.62 � 0.50 1.75 � 0.45 F(2,20) = 12.3, P5 0.001a

FP-CIT annual rate of decline, expressed as per cent of baseline valuee

Caudate 0.4 � 5.9 � 5.9 � 7.7 � 16.8 � 8.9 F(2,20) = 8.4, P = 0.002b

Anterior putamen � 1.9 � 2.0 � 7.2 � 8.9 � 9.6 � 10.4 F(2,20) = 1.1, P = 0.4

Posterior putamen 1.3 � 5.0 � 9.0 � 13.1 1.4 � 9.2 F(2,20) = 2.6, P = 0.1

Striatumf
� 0.1 � 4.3 � 7.4 � 9.4 � 8.4 � 6.0 F(2,20) = 2.1, P = 0.2

Neuropathology—right hemisphere

Substantia nigra

Neurons/mm2 129.8 � 38.0 34.4 � 27.0 24.2 � 15.3 F(2.20) = 30.8, P5 0.001c

�-synuclein 0 0.005 � 0.004 0.005 � 0.005 F(1.17) = 0.06, P = 0.8

Tau 0.082 � 0.061 0.012 � 0.008 0.007 � 0.007 F(2.20) = 14.7, P5 0.001c

Caudate

�-synuclein 0 0.0056 � 0.014 0.0021 � 0.0022 F(1.17) = 0.7, P = 0.4

Tau 0.000049 � 0.000094 0.0005 � 0.001 0.0013 � 0.0034 F(2.20) = 0.4, P = 0.7

Amyloid b 0.043 � 0.015 0.028 � 0.032 0.008 � 0.011 F(2.20) = 5.4, P = 0.01d

Putamen

�-synuclein 0 0.0023 � 0.002 0.0059 � 0.0091 F(1.17) = 1.1, P = 0.3

Tau 0.0007 � 0.0009 0.00034 � 0.0009 0.00082 � 0.0014 F(2.20) = 0.3, P = 0.8

Amyloid b 0.038 � 0.009 0.020 � 0.017 0.007 � 0.010 F(2.20) = 9.5, P = 0.001d

Values expressed as mean � standard deviation.

Post hoc tests (Gabriel’s):

a Alzheimer’s disease4Parkinson’s disease dementia, dementia with Lewy bodies4Parkinson’s disease dementia (P40.04).

b Parkinson’s disease dementia4Alzheimer’s disease, dementia with Lewy bodies (P4 0.03).

c Alzheimer’s disease4 dementia with Lewy bodies, Alzheimer’s disease4 Parkinson’s disease dementia (P40.001).

d Alzheimer’s disease4Parkinson’s disease dementia (P40.02).

Otherwise not significant.

e Data obtained from a previous longitudinal FP-CIT study of dementia (Colloby et al., 2005).

f Calculated from the arithmetic mean of caudate, anterior and posterior putamen values.

2804 | Brain 2012: 135; 2798–2808 S. J. Colloby et al.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
ra

in
/a

rtic
le

/1
3
5
/9

/2
7
9
8
/3

3
0
0
7
5
 b

y
 g

u
e
s
t o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



SPECT scan and death, and 123I-FP-CIT annual per cent rate of

decline. The results are consistent with the view that dopaminergic

cell loss in the substantia nigra pars compacta affects striatal dopa-

minergic function due to disturbances in the dopaminergic

projections via the nigrostriatal pathways. Other structures may

also be implicated, such as globus pallidus and subthalamic nu-

cleus, which express a significant pathological burden that may

also contribute to the observed striatal dopaminergic dysfunction.

Walker and colleagues (2007), investigated whether FP-CIT

imaging improved the accuracy in diagnosing dementia with

Lewy bodies from non-dementia with Lewy bodies compared

with clinical criteria alone using autopsy-confirmed diagnosis as

the ‘gold’ standard. They showed that sensitivity increased to

88% (75% clinical) and specificity to 100% (42% clinical) when

using FP-CIT scans. However, results from their and our studies

reveal a small number of false-negative scans in patients with the

clinicopathological diagnosis of dementia with Lewy bodies. These

individuals may express cortical and striatal Lewy body pathology

without significant nigrostriatal neuronal loss. This can be demon-

strated in Fig. 3, where the highlighted cases with dementia with

Lewy bodies with a visual rating of ‘normal’ uptake (O’Brien et al.,

2004) exhibited a greater level of nigral neurons that were distinct

from the rest of the dementia with Lewy bodies cohort (subjects

with ‘abnormal’ uptake on visual rating).

Figure 3 Scatter plots of binding ratios in caudate (A), anterior putamen (B), posterior putamen (C) and striatum (D) against neuronal

density in substantia nigra (data for right hemisphere) across Alzheimer’s disease (AD), dementia with Lewy bodies (DLB) and Parkinson’s

disease dementia (PDD) groups. Boxed cases represent subjects with dementia with Lewy bodies with a visual rating of ‘normal’ FP-CIT

uptake.

Table 3 Zero order (r) and partial (r0) correlation coeffi-
cients of relationship between 123I-FP-CIT SPECT uptake in
each region of interest and dopaminergic neuronal density
in substantia nigra for combined groups

SPECT
imaging—right
hemisphere

Neurons
per mm2

(zero order)

Neurons per mm2 (partial)a

Caudate r = 0.43, P = 0.08 r0 = 0.41, P = 0.12

Anterior putamen r = 0.62, P = 0.004 r0 = 0.61, P = 0.008

Posterior putamen r = 0.74, P_ 0.001 r0 = 0.76, P_ 0.001

Striatum r = 0.65, P_ 0.001 r0 = 0.66, P = 0.004

Values expressed as correlation coefficients, corrected P-values.

Bold text denotes significant correlations.

a Controlling for interval between SPECT scan and death, and 123I-FP-CIT per cent

annual rate of decline.
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Functional and structural imaging changes in striatum have been

demonstrated in Alzheimer’s disease, dementia with Lewy bodies

and Parkinson’s disease dementia. Evidence from SPECT and PET

imaging region of interest studies suggests that striatal dopamin-

ergic deficits are associated with dementia with Lewy bodies and

Parkinson’s disease dementia (Donnemiller et al., 1997; Hu et al.,

2000; Ito et al., 2002; Walker et al., 2002; O’Brien et al., 2004;

Koeppe et al., 2008). Using voxel-based methods, Lee et al.

(2010) showed that grey matter density was significantly

decreased in putamen bilaterally in dementia with Lewy bodies

but not in Parkinson’s disease dementia compared with controls,

while others revealed grey matter volume loss in right caudate and

putamen in Parkinson’s disease dementia relative to controls and

no differences in grey matter volume between dementia with

Lewy bodies and Parkinson’s disease dementia (Burton et al.,

2004). More recently, another study showed that grey matter

volume loss in right caudate was associated with dementia with

Lewy bodies (Watson et al., 2012). Using region of interest pro-

cedures, volumetric loss in putamen has also been reported bilat-

erally in dementia with Lewy bodies compared with Alzheimer’s

disease and controls (Cousins et al., 2003), while caudate atrophy

has been observed in Alzheimer’s disease and dementia with Lewy

bodies but not in Parkinson’s disease dementia (Barber et al.,

2002; Almeida et al., 2003).

Figure 4 Axial 123I-FP-CIT SPECT scans with corresponding images of nigral dopaminergic neurons. (A) Subject with Alzheimer’s disease

(AD) with a ‘grade 0—normal’ FP-CIT scan and nigral density of 160 neurons per mm2. (B) Subject with dementia with Lewy bodies (DLB)

with a ‘grade 2—abnormal’ FP-CIT scan and nigral density of 16 neurons per mm2. (C) Subject with dementia with Lewy bodies with a

‘grade 0—normal’ FP-CIT scan and nigral density of 81 neurons per mm2. Note, FP-CIT SPECT scans are displayed neurologically

(left on left side, L = left, R = right).
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Although we found an association between 123I-FP-CIT uptake

and nigrostriatal neuronal loss, we did not find an association

between 123I-FP-CIT uptake and nigral or striatal �-synuclein.

This potentially challenges the specificity of in vivo dopaminergic

imaging as a predictor of �-synuclein per se. However, �-synuclein

and not tau burden showed a trend towards a negative correlation

with the number of nigral neurons. This suggests a reduction of

nigral neurons occurs in Lewy body diseases but not in Alzheimer’s

disease, even with considerable amounts of nigral tau pathology.

This is further supported by the significant positive correlation be-

tween tau pathology and nigral neuronal number in the whole

study cohort. Lewy body dementia cases that virtually lack tau

pathology had considerable nigral neuronal loss whereas

Alzheimer’s disease cases with nigral tau pathology had a greater

number of nigral neurons. Therefore our results are consistent with

previous studies indicating the feasibility of 123I-FP-CIT SPECT in

distinguishing dementia with Lewy bodies/Parkinson’s disease

dementia from Alzheimer’s disease (O’Brien et al., 2004, 2009).

Of note, our study cohort consisted of dementia with Lewy

bodies/patients with Parkinson’s disease dementia with and pa-

tients with Alzheimer’s disease without extrapyramidal symptoms,

respectively. We have shown previously (Attems et al., 2007) that

in patients with Alzheimer’s disease extrapyramidal symptoms

were associated with nigral cell loss that statistically correlated

with both nigral �-synuclein and tau pathology (semi-quantitative

assessments). However, as nigral tau pathology was frequently

present in cases with Alzheimer’s disease without extrapyramidal

symptoms, only �-synuclein pathology correlated with the pres-

ence of extrapyramidal symptoms suggesting that semi-

quantitative assessment in this cohort might have biased statistical

analyses regarding associations between nigral cell loss and tau

pathology. Moreover, Ceravolo et al. (2004) found striatal
123I-FP-CIT uptake in patients with Alzheimer’s disease with par-

kinsonism to be similar to controls and significantly higher than

both dementia with Lewy bodies and Parkinson’s disease. These

findings indicate that nigral cell loss is closely linked to �-synuclein

pathology. Reduced striatal 123I-FP-CIT uptake may indeed be a

surrogate marker of nigral and striatal �-synuclein burden, and the

lack of a significant correlation observed between 123I-FP-CIT

uptake and �-synuclein pathology may be a consequence of

reduced statistical power due to the relatively small sample,

which is a limitation of the present study. Further studies on the

relationship between striatal 123I-FP-CIT uptake and nigral path-

ology assessed by quantitative methods in cases with Alzheimer’s

disease with and cases with dementia with Lewy bodies without

extrapyramidal symptoms are also warranted to elucidate the po-

tential of striatal 123I-FP-CIT uptake in the prediction of nigral

�-synuclein pathology.

In conclusion, nigral dopaminergic cell loss rather than

�-synuclein, tau or amyloid b pathology was associated with

decreased striatal 123I-FP-CIT binding in an autopsy-confirmed

group of subjects with Alzheimer’s disease, dementia with Lewy

bodies and Parkinson’s disease dementia. This suggests that

reduced uptake in vivo may be influenced considerably by neur-

onal loss rather than the presence of pathological lesions, although

dysfunctional nigral neurons may have an additional effect on

striatal uptake in vivo but their respective role remains to be

elucidated.
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